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PREFACE 


This  volume  was  written  for  scientists  who  intend  to  profit  by 
foam,  or  are  plagued  by  it,  or,  last  but  not  least,  are  interested  in 
foam  just  because  foam  is  so  interesting. 

Preparation  of  a  treatise  on  foam  is  a  trying  task.  Froth  has  af¬ 
fected  human  lives  ever  since  Aphrodite  rose  from  the  sea  foam,  long 
before  physics  and  chemistry  came  into  being.  No  laboratory  is 
needed  to  observe  foams,  and  the  simplest  of  tools  are  sufficient  to 
make  observations  on  them.  As  a  result,  many  a  research  on  froth 
was  carried  out  and  recorded  without  due  regard  to  the  previous  art; 
and  the  literature  on  foam  is  replete  with  repetitions  and  contradic¬ 
tions.  A  critical  treatise  on  such  a  topic  should  prove  useful.  The  au¬ 
thors  have  tried  to  bring  some  degree  of  order  into  the  confusion  of 
empirical  practice,  journal  literature,  and  patent  data,  and  thus  to 
lighten  the  toil  of  future  students,  users,  and  fighters  of  foam. 

The  first  part  of  the  book  (Chapters  1  to  11)  deals  with  the  funda¬ 
mental  knowledge  of  foams,  and  the  second  with  their  applications 
(Chapters  12  to  14)  and  inhibition  (Chapter  15). 

J.  J.  Bikerman 

New  York,  N.  Y. 

August  15,  1953 
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1.  FORMATION  AND  STRUCTURE  OF 

FOAMS 


Section  1.  Foams  are  agglomerations  of  gas  bubbles  separated 
from  each  other  by  thin  liquid  films.  They  belong  to  the  first  of  the 
eight  classes  of  colloidal  systems  listed  below: 
gas  dispersed  in  liquid 
liquid  dispersed  in  gas  (mist,  fog) 
liquid  dispersed  in  liquid  (emulsion) 
gas  dispersed  in  solid  (solid  foam) 
solid  dispersed  in  gas  (smoke,  fume) 
liquid  dispersed  in  solid  (some  gels) 
solid  dispersed  in  liquid  (many  sols  and  suspensions) 
solid  dispersed  in  solid 

Other  representatives  of  the  first  class,  i.e.,  gas-in-liquid  disper¬ 
sions  in  which  the  liquid  phase  is  not  reduced  to  thin  films,  have  been 
studied  much  less  than  foams  (see  section  8). 


Section  2.  Colloidal  systems  usually  are  prepared  either  by  disper¬ 
sion  or  by  condensation  (agglomeration).  In  the  dispersion  methods, 
the  future  disperse  (or  discontinuous)  phase  (i.e.,  gas  in  foam)  is 
originally  present  as  a  large  separate  phase  and  is  then  comminuted 
and  spread  through  the  dispersion  medium  (also  known  as  continuous 
phase)  such  as  liquid  in  foam.  In  the  condensation  (or  agglomeration) 
methods,  the  future  disperse  phase  is  originally  present  as  solute, 
i.e,  molecules  or  ions  dissolved  in  the  continuous  phase;  and  in  the 

process  of  preparing  a  colloidal  system  these  molecules  or  ions  com¬ 
bine  to  larger  aggregates. 


Blowing  soap  bubbles,  injecting  air  into  a  frothing  solution,  whip, 
pmg,  and  beating  are  instances  of  foam  formation  by  dispersion 
Foam  on  beer  or  a  boiling  liquid  is  produced  by  condensation.  ' 


Bubble  Formation:  Dispersion  Methods 

Section  3.  One  of  the  most  important  methods  of  dispersing  cas  in 
hqmd  co„s,sts  in  introducing  gas  bubbles  into  the  liquid  through 
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relatively  fine  orifices,  this  method  is  sometimes  used  in  flotation 
and  in  the  aeration  of  liquids.  The  simpler  case  of  a  single  orifice  will 
be  considered  first. 

^  hen  a  bubble  forms  above  the  orifice  of  a  capillary,  the  buoyancy, 
which  tends  to  raise  the  bubble  and  thus  to  separate  it  from  the  main 
body  of  gas,  is  R3gp.  In  this  expression  R  is  the  radius  of  the 
bubble  or,  if  the  bubble  shape  is  too  far  from  that  of  a  sphere  (the 
bubble  is  never  exactly  spherical),  the  radius  of  the  sphere  having 
the  volume  of  the  bubble;  g  is  acceleration  due  to  gravity  (for  which 
the  value  981  cm  sec-2  is  accepted  in  this  book);  and  p  is  the  difference 
between  the  densities  of  liquid  and  gas;  usually  p  practically  coincides 
with  the  density  (g  cm-3)  of  the  liquid.  The  force  of  buoyancy  is 
counteracted  by  surface  tension  y  (measured  in  dynes/cm  or  ergs/ 
cm2  or  g  sec-2)  acting  along  the  perimeter  of  the  neck  of  the  bubble. 
The  length  of  this  perimeter  seems  to  be  a  complicated  function  of 
the  apparatus  dimensions  and  of  the  properties  of  the  gas  and  the 
liquid;  this  problem  has  been  thoroughly  examined  for  the  instance 
of  falling  drops  (see  e.g.,  ref.  1,  p.  15).  As  a  first  approximation  the 
neck  perimeter  is  set  equal  to  the  circumference  of  the  orifice,  if  the 
capillary  is  wetted  by  the  liquid.  Denoting  the  inside  radius  of  the 
capillary  by  r,  this  approximation  would  require  the  bubbles  to 
loosen  themselves  from  the  capillary  as  soon  as  %irR3gp  becomes 
greater  than  2xry,  i.e.,  when  R 3  just  exceeds  the  value  given  by  the 
equation 


It3  = 


3  ry 
2gP' 


(1) 


If  the  capillary  is  not  wetted  by  the  liquid  (e.g.,  a  waxed  capillary  in 
water),  r  in  equation  (1)  is  the  outside  radius. 

For  liquid  drops  slowly  falling  from  a  capillary  it  is  found  that  R 3 
is  smaller  than  3ry/2gP.  The  ratio  2R3gp/3ry  (a  pure  number)  usually  _ 
varies  between  0.52  and  0.65.  For  bubbles  slowly  forming  in  a  liquid, 
equation  (1)  correctly  represents  the  dependence  of  R3  on  r,  y,  and 
p,  but  the  ratio  2R3gp/3ry  varies  within  wider  limits  than  in  the 

instance  of  drops  (see  also  section  10). 

Maier2  found  the  above  ratio  to  be  unity  for  air  bubbles  sepaiating 
from  glass  capillaries  in  water  when  r  varied  Irom  0.0007  to  0.0112 
cm.  When  a  waxed  capillary  was  used,  the  bubble  radius  R  was 
almost  three  times  as  great  as  in  the  case  of  a  glass  capillary;  R 
has  not  been  compared  with  the  outside  radius.  Apparently,  as  long 
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as  the  capillary  is  wetted  by  the  liquid,  the  material  of  the  capillary 
wall  is  irrelevant3. 

The  upper  part  of  Table  1  shows  some  results  obtained  by  Guyer 
and  Peterhans4  and  recalculated  by  the  present  author.  The  lower 
part  of  the  table  is  a  similar  selection  of  data  from  a  paper  by  van 
Krevelen  and  Hoftijzer5.  It  is  seen  that  the  ratio  2R3gp/3ry  may  be 
as  low  as  0.59  and  as  high  as  1.05.  Values  as  high  as  1.9  have  been 
recorded  in  the  literature5".  When  the  nozzle  is  horizontal  rather  than 
vertical,  bubble  volume  is  only  half  as  large5". 

Table  1.  Diameter  of  Air  Bubbles  Rising  from  an  Orifice  (Glass) 


Orifice  diameter:  2 r  cm.  Bubble  diameter:  2 R  cm.  Ratio:  2It3gp/3ry. 
Water:  p  =  1.00  g  cm-3,  y  =  72  g  sec'2.  Carbon  tetrachloride :  p  =  1.58  g  cm"3, 
7  =  26  g  sec-2.  Ether:  p  =  0.71  g  cm-3,  y  =  16  g  sec-2. 


Water 

ecu 

Ether 

2  r 

2  R 

Ratio 

2  R 

Ratio 

2  R 

Ratio 

0.0045 

0.125 

0.98 

0.065 

0.61 

0.075 

0.68 

0.008 

0.150 

0.96 

0.085 

0.76 

0.090 

0.66 

0.032 

0.220 

0.60 

0.135 

0.76 

0.145 

0.69 

0.100 

0.325 

0.78 

0.190 

0.68 

0.215 

0.72 

0.264 

0.410 

0.59 

0.270 

0.74 

0.280 

0.61 

Water:  p  = 

II 

8 

r-H 

Transformer  oil:  , 

o  =  0.877,  7  = 

35. 

Water 

Transformer  Oil 

2r 

2  R 

Ratio 

2  R 

Ratio 

0.15 

0.39 

0.90 

0.318 

0.88 

0.95 

0.76 

1.05 

— 

_ 

The  ratio  2R3gp/Sry  seems  to  be  nearly  independent  of  tempera- 
ture6a.  Thus  for  air  bubbles  rising  in  water  from  a  glass  capillary, 
0.293  cm  in  diameter,  it  was  0.945  at  13°  and  1.036  at  60°.  However, 
the  bubble  volume  was  even  better  constant,  namely  0.0652  cm3  at 
13°  and  0.0655  cm3  at  60°.  When  density  was  raised  without  markedly 
affecting  surface  tension  (by  using  a  concentrated  zinc  chloride  solu¬ 
tion,  p  =  1.486)  or  when  surface  tension  was  lowered  more  than 
density  (by  using  water-alcohol  mixtures),  the  above  ratio  still  re¬ 
mained  almost  equal  to  unity6".  In  other  experiments5"  bubble  volume 
varied  as  y/p  when  small  orifices  were  used  but  was  almost  inde¬ 
pendent  of  the  concentration  of  alcohol  (in  its  aqueous  solutions)  for 
large  orifices.  As  would  be  expected,  the  radius  of  bubbles  slowly 
orming  at  a  single  orifice  was  independent  of  viscosity  (in  glvcerol- 
water  mixtures)5".  When  surface  tension  was  lowered  by  a  commercial 
detergent  (“Teepol,”  a  sulfonated  secondary  alcohol),  the  bubbles 
were  greater  than  calculated  from  equation  (1)  presumably  because 
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the  detergent  was  concentrated  in  the  upper  surface  of  the  solution 
while  the  lower  strata,  in  which  bubble  formation  took  place,  con¬ 
tained  but  little  of  the  surface-active  compound6®. 


Section  4.  The  bubbles  recorded  in  the  upper  part  of  Table  1 
were  produced  one  every  second,  and  the  bubbles  of  the  lower  part 
every  0.7  to  3  sec.  When  the  frequency  of  the  bubble  discharge  is 
considerably  greater,  equation  (1)  ceases  to  be  valid  even  semiquan- 
titatively  and  R  becomes  dependent,  in  addition  to  r,  7,  g,  and  p, 
also  on  this  frequency  and  on  the  viscosity  r?  of  the  liquid. 

According  to  Maier2,  increased  rate  of  air  flow  affects  the  maximum 
size  of  bubbles  in  two  opposite  ways.  The  more  rapid  the  introduction 
of  air,  the  stronger  is  the  agitation  of  the  liquid,  which  tends  to 
tear  away  the  bubble  before  it  is  big  enough  to  rise  of  itself.  On  the 
other  hand  “the  excess  pressure  or  viscosity  effect”  causes  increase 
of  R  with  the  rate  of  flow.  This  second  effect,  known  also  for  falling 
drops,  seems  to  consist  in  the  following.  Contraction  of  the  bubble 
neck  is  the  first  stage  in  the  separation  of  the  bubble.  This  contraction 
takes  time,  which  may  be  expected  to  be  longer  the  more  viscous  the 
liquid.  During  this  time  the  air  continues  to  flow  into  the  bubble; 
hence  the  final  bubble  is  greater  than  expected. 

Overlapping  of  these  two  effects  may  cause  a  minimum  of  R  at 
some  velocity  of  air  ( V  cm3/sec).  Maier  found  indications  of  such 
minima  for  air  bubbling  into  water  from  glass  capillaries;  the  volume 
velocity  V  corresponding  to  the  minimum  or  R  increased  with  the 
radius  of  the  orifice.  Analogous  observations  have  been  made  by 
Datta  et  al.b!l  for  orifices  smaller  than  0.04  cm  in  diameter,  while  the 
radius  of  bubbles  rising  from  larger  orifices  was  almost  independent  of 
V.  In  the  similar  experiments  by  Remy  and  Seemann6,  at  1  =16 

cm3/sec,  R  passed  through  a  minimum  when  the  orifice  diameter 
increased. 

The  velocity  V  is  equal  to  n-AirRs/3,  if  n  is  the  number  of  bubbles 
produced  in  a  second,  and  the  value  of  R  can  be  correlated  either 
with  V  or  with  n.  Fig.  1,  which  is  based  on  some  data  published  by 
Guyer  and  Peterhans4,  is  an  example  of  such  correlations.  Its  oidinate 
is  bubble  diameter,  and  along  its  abscissa  are  plotted  (below )  the 
number  n  (sec  *)  and  (above)  the  rate  of  air  flow.  The  air  flow  curve 
is  shown  for  castor  oil  only  because  the  highest  air  rate  employed  foi 
olive  oil  was  0.06  cm3/sec  and  for  carbon  disulfide  as  low  as  0.015 


Bubble  Diameter  (cm) 
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cm3/sec.  Fig.  1  thus  shows  that  the  effect  of  n  on  R  is  greater  the  more 
viscous  is  a  liquid  (castor  oil  has  77  of  9.5,  olive  oil  0.84,  and  carbon 
disulfide  0.0035  g/cm  sec).  However,  it  does  not  give  sufficient  in¬ 
formation  on  how  the  relation  between  V  and  R  is  affected  by  vis- 


Volume  of  Air  Flow  (cm3/  sec) 


Number  of  Bubbles  in  One  Second 

Figure  1.  Dependence  of  air  bubble  diameters  on  the  bubble  frequency  and 
the  rate  of  air  flow.  The  lower  scale  is  for  the  curves  marked  castor  oil,  olive 
oil,  and  CS2.  The  upper  scale  is  for  the  “air  flow”  curve  which  refers  to  castor 
oil;  to  obtain  the  linear  rate  of  air  flow,  multiply  the  figures  of  this  scale  by 
2,630  cm.-2.  Data  of  Guyer  and  Peterhans4. 

cosity  because  the  high  velocities  used  in  the  instance  of  castor  oil 
were  not  tested  for  the  less  viscous  liquids. 

The  relation  between  bubble  volume  and  rate  of  gas  flow  in  water 
was  a  little  different  for  different  capillaries.  However  a  common 
curve  resulted  when  the  ratio  2R3gp/3ry  was  plotted  as  a  function  of 
the  number  of  bubbles  per  minute;  the  ratio  was  nearly  independent 
of  n  at  small  n  and  increased  with  n  at  large  n.  It  was  impossible  to 
produce  more  than  about  40  bubbles  in  a  second6". 

Remy-  and  Seeman7  found  that  in  ether  the  bubble  volume  was 
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independent  of  V  within  the  range  of  0.8-3.3  cm3/sec.  In  ethyl 
alcohol  it  increased  from  0.18  to  0.56  cm3  when  V  increased  from  0.8 
to  16  cm/sec. 

Instead  of  the  volume  velocity  V,  the  linear  velocity  V/v r2  may 
be  correlated  with  R.  The  range  of  linear  velocities  for  which  Guyer 
and  Peterhans  (see  Fig.  1)  found  R  independent  of  V  in  the  instance 
of  carbon  disulfide  was  7  to  40  cm/sec;  the  diameter  of  the  orifice 
was  0.022  cm.  In  water,  when  the  volume  rate  of  air  increased  from 
4.17  to  38.3  cm3/ sec  and  the  linear  velocity  from  370  to  3400  cm/sec, 
the  bubble  diameter  increased  from  0.613  to  1.483  cm  and  the  fre¬ 
quency  of  bubbles  decreased  from  35  to  23  sec-1. 

It  is  clear  that  the  experimental  material  available  is  not  sufficient 
to  decide  whether  the  bubble  volume  should  be  correlated  preferably 
with  volume  rate,  linear  rate,  or  frequency.  It  is  also  impossible  to 
state  how  an  increase  of  the  product  nR 3  (i.e.,  also  of  V)  is  distributed 
between  n  and  R. 

Eversole,  Wagner,  and  Stackhouse8  observed  that  the  bubble  fre¬ 
quency  was  about  40  to  50  sec-1  for  different  liquids,  different  capil¬ 
laries,  and  different  air  rates. 

Van  Krevelen  and  Hoftijzer0  point  out  that  the  volume  of  bubbles 
at  high  air  rates  is  determined  by  the  condition  that  two  succeeding 
bubbles  should  not  touch.  If  the  air  is  transported  by  a  chain  of 
bubbles,  n  in  a  second,  the  height  of  this  chain  produced  in  a  second 
must  be  greater  than  n-2R,  assuming  the  bubbles  to  be  spherical.  On 
the  other  hand,  the  height  of  a  bubble  chain  produced  within  a  second 
is  the  linear  ascending  velocity  u  of  the  bubbles.  It  follows  that 
u  >  2 nR  or  R 2  <  %V/2ttu  (as  V  =  %t. Rzn).  Application  of  this  formula 
is  not  easy,  however,  as  the  value  of  u  in  a  liquid  periodically  disturbed 
by  new  bubbles  has  not  been  calculated  yet,  although  some  progress 
has  been  achieved  by  application  of  the  dimensional  analysis5.  The 
above  assumption  of  spherical  bubbles  is  not  justified  for  well  frothing 
liquids.  In  these,  two  bubbles  can  be  pressed  against  each  other 
and  thus  be  greatly  deformed  without  coalescence  (see  the  two- 
bubble  method  in  Section  19  and  Pattle8a). 

Section  5.  In  sections  3  and  4,  bubble  formation  at  single  orifices 
was  discussed.  When  several  orifices  are  placed  so  near  each  other 
that  bubbles  growing  at  them  can  coalesce,  the  diameter  of  the 
bubbles  ceases  to  be  proportional  to  the  r  of  the  orifice.  For  example, 
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when  2 r  in  sintered  glass  plates  increased  from  10  to  65  n  (i.e.,  from 
0.001  to  0.0065  cm),  2 R  in  water  increased,  depending  on  the  air 
rate,  only  from  0.05  to  0.11  or  from  0.19  to  0.23  cm.  1  he  bubble 
diameter  rose  also  with  V  and  was  almost  independent  of  viscosity  . 
On  the  contrary,  Schnurmann9  observed  a  minimum  of  R  in  water- 
alcohol  mixtures  just  at  the  concentration  corresponding  to  the 
maximum  in  viscosity  and  maintained  that  R  of  bubbles  produced  by 
coalescence  depends  on  viscosity  more  than  on  anything  else. 

In  some  instances  correlation  seems  to  exist  between  the  average 
bubble  radius  and  the  surface  tension  y  of  the  solution  in  which  the 
foam  is  produced  by  forcing  air  through  a  porous  plate10.  Table  2 
shows  the  y,  the  most  frequent  R,  the  surface  S  of  all  the  bubbles  in 
1  cm3  of  the  foam,  and  the  product  yS  for  five  concentrations  of  sodium 
6-butylnaphthalene-l -sulfonate  in  water.  The  product  yS,  i.e.,  the 


Table  2.  Effect  of  Concentration  of  Sodium  6-Butylnaphthalene-I- 

SuLFONATE  ON  BUBBLE  SlZE 


Concentration  (%) 

2 

0.5 

0.25 

0.125 

0.06 

Surface  tension  (7  g  sec-2) 

30 

32 

38 

52.5 

60 

Most  frequent  radius  (10-4  cm) 

80-90 

90-100 

100-110 

100-110 

120-130 

Surface  in  1  cm3  ( S  cm-1) 

360 

330 

270 

250 

210 

yS  X  10-2 

108 

107 

103 

132 

126 

work  against  the  surface  forces  spent  in  producing  1  cm3  of  foam,  is 
almost  mdependent  of  concentration.  As  S  =  3 /R,  this  rule  can 'be 
expressed  also  by  the  statement  that  the  maximum  bubble  pressure 
(which  is  approximately  2 y/R)  is  almost  independent  of  the  con¬ 
centration  of  the  frother. 

Formation  of  bubbles  at  gas  diffuser  stones11  seems  to  have  never 
been  investigated. 


Sect.on  6.  Generally  speakmg,  injection  of  air  produces  mall  air 
bubb'es  when  (see  equation  1)  the  liquid  has  great  density  and  small 
surface  tension  and  the  orifice  is  narrow;  also  the  gas  flow  should 
preferably  be  slow.  However,  when  a  finely  dispersed  foam  ie  a 
foam  consisting  of  small  bubbles)  is  wanted,  usually  the  properties 
o  the  liquid  are  given  and  cannot  be  altered  at  will;  and  reduct  on 
Of  the  orifice  diameter  and  the  gas  velocitv  would  rea^ctl0n 

retardation  of  the  formation  ol  folm  I t  is  cleir  that “  "T  * 
pedient-is  n.ded  if  small  bubbles  are  tVle ^ 
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rate.  The  device  usually  resorted  to  is  production  of  bubbles  in  a 
moving  liquid  which  tears  them  away  before  they  reach  their  “nat¬ 
ural”  dimensions. 

Maier  forced  air  through  orifices  (e.g.,  of  0.04  cm)  in  a  drum  which 
could  be  made  to  rotate  between  stationary  vanes.  When  the  drum 
did  not  move,  these  orifices  gave  rise  to  bubbles  0.35  to  0.4  cm  in 
diameter,  but  when  the  drum  made  1,700  revolutions  per  minute  the 
bubble  diameter  was  about  0.04  cm,  i.e.,  roughly  equal  to  the  di¬ 
ameter  of  the  orifices. 


Figure  2.  Apparatus  for  producing  small  bubbles.  From  Proc.  Roy.  Soc. 
(London),  190 A,  474  (1947). 


Bragg  and  Nye12  applied  pulling  rather  than  shearing  force.  Their 
apparatus  is  shown  in  Fig.  2.  The  vessel  containing  the  foaming  solu¬ 
tion  was  rotated,  and  air  was  introduced  through  a  fine  jet  placed 
along  the  lines  of  flow.  The  bubbles  were  swept  away  by  the  moving 
liquid.  Over  1,000  bubbles  could  be  produced  in  a  second,  and  the 
apparatus  gave  “a  high  pitched  note.”  An  orifice,  0.0038  cm  across, 
fed  by  air  compressed  to  190  cm  of  water  and  placed  in  a  liquid  stream 
of  180  cm/sec,  yielded  bubbles  of  0.014  cm  in  diameter. 

Smith13  used  a  double  nozzle  delivering  air  into  a  moving  soap 
solution.  When  air  was  forced  through  a  0.0085-cm  orifice  by  a  pies- 
sure  of  50  cm  of  water,  the  bubbles  had  diameters  of  O.O08  cm  when 
the  soap  solution  was  driven  by  a  9-cm  head,  and  0.024  cm  when  the 
head  was  100  cm. 
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Pattle8a  placed  a  curved  solid  right  above  the  orifice.  The  bubbles 
were  deflected  by  the  solid  and  escaped  much  earlier  than  in  an  unob¬ 
structed  liquid.  Bubbles  of  0.00001  to  0.001  cm3  were  thus  produced 
at  rates  from  100  to  2,000  per  second. 

Very  small  bubbles  were  obtained  when  a  liquid  capable  of  frothing 
was  separated  from  air  by  a  plate  containing  a  fine  orifice  (e.g.,  0.008 
cm  in  diameter),  and  the  air  was  under  a  sufficiently  high  pressure 
(more  than  2  atmospheres)1311.  Centripetal  force  apparently  has  not 
been  tried  out  yet. 

A  recognized  method  of  decreasing  bubble  diameter  in  a  foam  con¬ 
sists  in  forcing  the  froth  through  a  sieve  or  screen.  Presumably  the 
action  of  the  sieve  is  essentially  identical  with  that  of  a  porous  plate 
or,  if  the  holes  in  the  sieve  are  relatively  far  apart,  with  that  of  single 
orifices.  No  information  could  be  found  on  the  relation  between  the 
final  bubble  volume  on  one  hand  and  the  initial  volume,  the  hole 
diameter  and  the  distance  between  the  holes  on  the  other  hand. 


Section  7.  The  process  of  introducing  air  bubbles  into  a  liquid  by 
whipping,  beating,  etc.,  undoubtedly  is  very  complicated  and,  ap¬ 
parently,  has  not  yet  tempted  any  physicist.  Several  observations 
have  been  published  on  formation  of  bubbles  by  splash,  i.e.,  by  im¬ 
pact  of  a  solid  onto  a  liquid  surface.  The  paper  by  Gilberg  and 
Anderson14  gives  an  idea  of  the  complexity  of  the  phenomena  taking 
place. 

An  unusual  kind  of  bubbles  produced  by  splash  has  been  observed 
by  Melsens16.  He  directed  a  water  jet  onto  a  mercuy  surface  under  a 
water  layer  so  that  air  was  mixed  with  mercury.  The  air  bubbles 
enclosed  in  a  mercury  film  rose  through  the  water  and  floated  on  its 
surface.  I  he  largest  bubbles  had  diameters  of  1.5  cm  and  contained 
0.5  g  mercury  (see  also  section  19). 

The  bubbles  originally  produced  by  whipping,  etc.,  as  well  as  by 
orcing  air  into  a  solution  through  a  wide  tube  (as  in  many  industrial 
aerations)  usually  are  then  broken  to  smaller  bubbles  by  the  con- 
tmuing  agitation.  This  effect  has  been  observed  also  in  emulsions  and 
is Relatively  we  1  understood  (see,  e.g.,  ref.  1,  p.  145).  A  fluid  cylinder 
because  of  surface  tension,  tends  to  break  and  to  give  rise  to  two 

eW'WWh  °  ^  t  ^  Cyli',der  "  greatCT  ‘ha"  circum- 
ference  .  When  an  air  bubble  elongated  by  shearing  forces  (caused 

y  the  stirring)  accidentally  reaches  a  relatively  stagnant  part  of  the 
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liquid,  it  is  likely  to  break  into  two  or  more  spherical  bubbles  accord¬ 
ing  to  the  ratio  of  its  length  to  its  circumference. 

Devices  for  producing  foam  on  a  large  scale  are  not  discussed  here 
because  they  have  not  been  scientifically  investigated.  Some  froth- 
making  appliances  used  in  ore  dressing  are  described  in  Chapter  13. 
A  recent  publication  by  Fry  and  French16*  will  give  an  idea  of  the 
machines  producing  fire-fighting  foams  (see  Chapter  12).  In  this  ma¬ 
chine  air  and  the  liquid  capable  of  foaming  enter  a  mixing  chamber 
through  nozzles  in  two  opposite  walls.  The  same  pressure  is  em¬ 
ployed  to  drive  both  fluids.  All  liquid  entering  the  chamber  is  trans¬ 
formed  into  froth,  that  is,  the  ratio  of  air  to  liquid  in  the  foam  is 
identical  with  that  in  the  mixing  chamber.  Before  leaving  the  machine 
the  foam  passes  through  an  “improver”  consisting  of  gauze  discs 
(see  section  6). 

Bubble  Formation:  Condensation  Methods 

Section  8.  Formation  of  bubbles  in  a  supersaturated  solution  of  a 
gas  in  a  continuous  liquid  is  highly  improbable.  Two  of  the  possible 
demonstrations  will  suffice  to  show  the  truth  of  this  statement. 

(a)  A  bubble  whose  radius  is  R  has  surface  of  -brR2,  and  work  equal 
to  A-irR^y  against  the  surface  tension  7  must  be  performed  to  make  this 
bubble.  The  amount  of  gas  in  the  bubble  is  %TrRzpo ,  po  being  the  gas 
density.  If  the  release  of  free  energy,  achieved  when  1  g  of  gas  is 
transferred  from  supersaturated  solution  into  the  bubble,  is  h ,  this  for 
one  bubble  is  ^^irR^poF.  Spontaneous  gas  evolution  is  possible  onl} 
as  long  as  this  term  is  greater  than  4irR:y,  i.e.,  as  long  as  Rp0F  >  3  7. 
It  is  clear,  however,  that  whatever  (within  reason)  the  values  of 
po ,  F,  and  7,  the  product  Rp0F  is  less  than  37  if  R  is  sufficiently  small. 
I11  other  words,  extremely  minute  bubbles  cannot  form.  As  bubbles 
must  be  minute  before  they  can  grow  large,  no  bubbles  can  form 
spontaneously. 

(b)  By  Laplace’s  equation  the  gas  pressure  in  a  bubble  whose  radius 
is  R  is  by  2y/R  greater  than  the  pressure  in  the  surrounding  liquid. 
The  supersaturated  solution  would  be  in  equilibrium  with  gas  under  a 
pressure,  say,  P  and  would  tend  to  lose  gas  to  a  gas  space  in  whic  1 
the  pressure  is  <P.  Thus,  a  bubble  can  grow  only  if 


If  R  is  sufficiently  small,  this  condition  can  be  satisfied  by  improbably 
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great  values  of  P  only.  Again,  minute  bubbles  (and  hence  also  large 
bubbles)  cannot  form  spontaneously. 

The  probability  of  bubbles  forming  spontaneously  in  a  superheated 
liquid  (containing  no  dissolved  gas)  is  even  smaller.  In  this  instance 
P  would  mean  the  vapor  pressure  of  liquid  in  equilibrium  with  a 
bubble  whose  radius  is  R.  According  to  W.  Thomson  (Lord  Kelvin) 
(see,  e.g.,  ref.  1,  p.  56), 

P  =  Po  -  (m-2y/R),  (3) 


m  being  the  ratio  of  the  density  of  the  steam  to  the  difference  be¬ 
tween  the  densities  of  liquid  and  steam,  and  P0  the  equilibrium  vapor 
pressure  at  a  plane  surface.  Bubbles  can  grow  only  if  2y /R  <  P0 

2y 

—  (2y m/R),  i.e.,  if  ■-  (1  +  m)  <  P0 .  As  m  is  always  positive,  P0 


must  be  greater  than  P  in  formula  (2).  Thus,  spontaneous  boiling 
appears  possible  only  at  temperatures  at  which  y  is  negligibly  small. 

Bubbles  can  be  obtained  in  liquids  originally  containing  no  gas 
nuclei  by  mechanically  rupturing  the  liquid.  Such  a  rupture  can  be 
achieved,  e.g.,  by  vortices  ,  by  rapidly  moving  a  solid  (preferably 
poorly  wetted  by  the  liquid)  in  a  liquid18,  by  collision  of  two  solids  in 
a  liquid  ,  and  so  on.  However,  liquids  not  subjected  to  special  treat¬ 
ment  as  a  rule  contain  small  gas  bubbles  or  dust  particles  carrying 
adsoi  bed  gases,  which  both  act  as  nuclei  for  larger  bubbles.  A  more 
precise  description  of  these  nuclei  is  so  far  impossible215. 

Foam  produced  by  releasing  gas  from  a  supersaturated  solution  is 
mentioned  by  Krause  and  Kapitanczyk21.  They  mixed,  for  example, 

1  cm  of  water  saturated  with  nitrogen  and  10  cm3  of  19N  sodium 
hydroxide  As  nitrogen  (and  many  other  inert  gases)  is  more  soluble 
in  water  than  in  concentrated  sodium  hydroxide  solution  (and  many 
other  solutions  of  electrolytes),  the  resulting  solution  was  super! 
saturated  and  y, elded  bubbles;  their  diameter  was  about  1(TS  cm 
When  fire  drops  of  30  per  cent  hydrogen  peroxide  were  added  to  20  cm* 

to  ‘‘flaw‘Tf„y'  T X  !  rge"  bubbl6S  formed  often  combined 
r,hbt  1 1  distributed  in  the  liquid.  The  diameter  of  these 

mbbles  as  between  0.1  and  0.2  X  10“  cm.  Particularly  small  bubbles 

have  been  observed  by  Kapitadczyk*  on  adding  18 Jf  sodium  hv 

drox.de  to  a  saturated  solution  of  helium  in  water 
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De  Luc  in  1772,  Schonbein  in  1837,  and  Gernez25  in  1875  expressed 
the  opinion  that  solids  act  as  nuclei  in  boiling  simply  because  they 
contain  dissolved  or  adhering  air.  Their  hypothesis  is  borne  out  by 
recent  observations.  All  the  solids  which  caused  release  of  dissolved 
air  in  water  placed  in  a  partial  vacuum  ceased  to  be  active  after  an 
appropriate  treatment  aimed  at  removing  the  occluded  air;  in  many 
instances  (fibrin,  rubber,  etc.)  nothing  more  drastic  was  required 
than  to  keep  the  solid  for  a  while  in  de-gassed  water.  As  long  as  no 
precautions  are  taken  to  eliminate  the  occluded  gases,  no  definite 
correlation  can  be  found  between  the  degree  of  superheat  possible 
in  the  presence  of  a  solid  and  the  other  properties  of  this  solid"  . 

It  is  often  believed  that  rough  surfaces  promote  boiling.  This  effect 
may  be  due  not  to  the  roughness  as  such  but  rather  to  the  difficulty 
of  removing  occluded  gases  from  a  rough  surface.  Both  Dean  and 
Larson'4  introduced  rough  solids  into  supersaturated  air  solutions  in 
water  and  into  water  heated  to  boiling  temperature,  respectively, 
without  causing  any  evolution  of  bubbles. 

In  many  instances  usual  cleaning  of  solid  surfaces  does  not  remove 
all  sources  of  gas  nuclei,  but  only  reduces  their  number.  It  is  a  com¬ 
mon  observation  that  boiling  in  contact  with  cleaned  solids  often 
originates  from  a  few  points.  The  number  of  these  points  increases 
with  the  temperature  of  the  heating  surface25.  Thus,  when  7o00  kg- 
cal./sq  m  X  hour  were  supplied  to  a  horizontal  polished  metal  surface 
in  water,  steam  bubbles  rose  from  five  places  only;  and  when  30,000 
kg-cal./sq  m  X  hour  were  supplied,  24  spots  gassed. 


Section  10.  At  a  right  temperature,  wherever  there  is  a  gas  nu¬ 
cleus,  a  steam  bubble  forms.  As  in  section  3  it  may  be  asked  what 
determines  the  maximum  size  of  a  bubble  just  before  it  breaks  loose. 
The  following  treatment  is  more  exact  than  that  leading  to  equation 
(1).  In  Fig.  3  a  bubble  sitting  on  a  horizontal  solid  surface  is  depicted. 
At  the  level  00  the  hydrostatic  pressure  in  the  liquid  is  P.  In  the 
bubble,  at  its  summit,  i.e.,  at  the  same  level  00,  the  pressure  is 


(k + k} [ 


if  7  is  surface  tension  and  Ri  and  R2  are  the  main 


p  +  7 

radii  of  curvature  at  the  summit.  (This  is  again  Laplace’s  law  of  cap- 
illary  pressure,  see  section  8.)  At  a  level  such  as  MM,  *  cm  be  ow  00, 
the  hydrostatic  pressure  is  P  +  gzp  in  the  liquid  whose  density  is  p. 
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ft) 


In  the  bubble  at  M  it  is  P  -f  gzp  +  y  (  ^  +  —  ),  R3  and  Ri  being 

\R$  Ri 

the  main  radii  of  curvature  at  point  M.  On  the  other  hand,  the  pres¬ 
sure  in  the  bubble  at  M  must  be  equal  to  the  pressure  at  the  summit  plus 


the  pressure  of  the  gas  above  the  level  MM,  i.e.,  to  P  +  7) 
+  gzp1,  if  p1  is  the  gas  density.  Hence, 


"2(p  -p'1  =  y(k  +  i~  k~i 


—  +  — 

<Ri  Rz, 


(4) 


Figure  3.  A  sessile  bubble.  If  the  outside  pressure  at  M  is  greater  than  the 
inside  pressure,  the  neck  at  MM  contracts,  and  a  free  bubble  forms. 


As  bubbles  are  supposed  to  be  symmetrical  about  the  vertical  axis 
passing  through  the  summit,  ft,  =  ft2 .  Then,  neglecting  p1  in  com- 
parison  with  p,  we  obtain 


Ri 


Rt 


R* 


(5) 


is  greater ^harTth  **  P°int  M  the  pressure  outside 

■  g  eater  than  that  inside  the  bubble,  then  the  indentation  at  M 

wm  deepen  and  the  bubble  will  eventually  be  separated  from  the 
Unfortunately  the  mathematical  relation  between  the  four  lengths 

“£■ r  r?;  '*  * 

of  the  horizontal  section  of  tho  1  111  ’ ,  1  x  1S  the  radius 

however,  thesUmmit>  has, 

numerical  values  of  the  magnitude  atR?/y  If  thTbubbTe 
merged  m  water  of  20”,  i.e.,  p  and  T  are  1  g and  73  g/s< 
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tively,  then  this  quantity  is  13.4  Ri  cm".  Fig.  4  represents  vertical 
cross  sections  of  such  bubbles,  drawn  by  Wark"'.  B  in  the  graph  is 
equal  to  —gpR\/ y,  and  the  contours  for  B  =  —  0.1  and  —0.2  are  in¬ 
complete  because  Bashforth  and  Adams’  calculations  are  incomplete 
also.  As  an  example,  B  =  —0.1  corresponds  to  Ri  =  0.086  cm  in 
water  at  20°.  Both  z  and  x  are  in  cm. 

If  a  horizontal  solid  surface  is  present,  say,  0.6  cm  below  the  sum¬ 
mit  of  a  bubble,  the  shape  of  the  sessile  bubble  is  that  shown  by  a 
contour  above  the  line  of  z  =  0.6.  The  angle  formed  (in  the  liquid ) 


Figure  4.  Outlines  of  sessile  bubbles  at  different  B - gpR\/y-  From  J.  Phys. 

Chem.,  37,  623  (1933). 


by  the  solid-liquid  and  the  liquid-gas  interfaces  is  the  contact  angle  6. 
Thus,  if  a  bubble  having  B  =  -0.4  sits  on  a  solid  situated  0.4  cm  be¬ 
low  the  summit,  the  contact  angle  is  acute,  whereas  if  the  bubble  is  0.6 
cm  tall,  the  contact  angle  is  obtuse.  The  range  of  contact  angles  pos- 
sible  for  a  bubble  depends  on  the  latter's  B.  For  example,  a  bubble 
having  B  =  -0.4  can  make  an  acute  angle  with  a  solid,  but  bubble 
characterized  by  B  =  -0.7  cannot;  their  outhne  is  everywhere 
inclined  toward  the  gas  phase.  Thus  it  is  possible  to  find  the  la  ge 
bubble  (i.e.,  the  largest  -B)  which  still  can  make  a  given  .eg-, 
greatest  -B  for  which  6  =  90°  is  possible  is  not  far  from  B  -  Ob 
as  the  contour  whose  B  =  -0.6  seems  still  to  show  a  stretch  paralle 
to  the  ordinate,  while  for  B  =  -0.7  no  such  stretch  is  discernible. 
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Fig.  5,  taken  from  Jakob25,  shows  that  the  greatest  possible  bubble 
volume  v  increases  with  6  so  that  t,1/3  (or  the  radius  of  the  sphere  of 
equal  volume)  is  approximately  proportional  to  6  up  to  6  =  100°. 
In  Fig.  5,  6  is  plotted  along  the  abscissa,  and  the  ordinate  represents, 

^1/3  1/2  1/2 

rather  than  vl,,i  itself,  the  dimensionless  ratio  - ■  \  -  or  vll3/a,  a 

(2y)' 

being  Laplace’s  capillary  constant  equal  to  (2y/gp)Vi.  This  ratio  is,  of 
course,  closely  related  to  —  B.  For  water  at  20°,  a  =  0.386  cm  and 

I/O  ' 

v  is  approximately  0.0046  0  cm  if  0  is  in  degrees.  Wark27  calcu- 


tiGUBB  5.  Relation  between  maximum  volume  of  bubbles  and  contact  ancle 

37  !"  de«T’-  0rdinate:  vll,/a;  v  is  the  maximum  volume 

a  bubble,  a  is  Laplace  s  capillary  constant.  From  Meek.  Eng.,  58,  643  (1936) 


lated  the  maximum  values  of  v  for  greater  e  values  also  and  found 

men” T^ui  =„f ' The  Ilnr  ^  IT 
earned  out  either  in  Jakob’s  laboratory  or  by  Ivab“nd  Fmmkin" 


Section  11.  The  bubbles  for  which  Fig  4  and  Fio-  6  i-j 

zontal  solid  surface  anil  ev It  n  ",  ”tUaUy  Hse  from  a  hori- 
belong  to  an  equilibrium  system  a  H‘‘ ome  foam  bubbles  do  not 

largest  possible  bubbles.  There'  are  „v0”l  Sma”er  than  the 
ference.  (a)  When  a  bubble  „  .  0  mam  causes  for  this  dif- 

solid  surface.  When  a  liquidgaV  hn^T^  displaces  li(^uid  fr°m  the 

liquid -gas  boundary  moves  along  a  solid,  it 
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does  not  form  the  equilibrium  contact  angle  0.  If  liquid  displaces  gas, 
the  angle  formed  (the  advancing  contact  angle  0A )  is  always  greater 
than  0,  and  when  gas  displaces  liquid,  the  receding  contact  angle  0R 
is  always  less  than  0.  A  dR  determines  the  angle  between  a  growing 
bubble  and  the  solid  surface.  It  follows  then  from  Fig.  5  that  the 
greatest  possible  bubble,  when  growing,  is  smaller  than  the  equilib¬ 
rium  bubble.  The  importance  of  dR  (rather  than  0)  for  bubble  forma¬ 
tion  apparently  escaped  the  attention  of  the  students  of  boiling, 
(b)  When  a  bubble  breaks  loose,  not  all  the  gas  present  in  the  sessile 
bubble  escapes.  Without  any  calculation  everyone  inspecting  Fig.  4 
would  expect,  for  example,  bubbles  whose  B  =  —0.4  to  “neck  down” 
at  about  2  =  0.5  cm  and  to  leave  the  bottom  part  adhering  to  the 
solid.  The  relation  between  the  volumes  of  hanging  and  fallen  drops 
has  been  much  discussed  but  no  final  result  achieved.  Even  less  is 
known  concerning  the  relation  between  the  analogous  bubble  volumes. 
If  the  rate  of  growth  of  steam  bubbles  is  not  very  small,  a  third  cause 
is  operative:  a  bubble  may  be  torn  off  before  it  reaches  its  limiting 
volume  by  waves  produced  by  previous  bubbles  (see  section  4  and 


below) . 

The  nature  of  the  solid  surface  from  which  a  bubble  rises  affects 
the  bubble  volume  insofar  as  it  affects  dR .  Generally  speaking,  dR  is 
greater  the  greater  the  equilibrium  contact  angle  0  and  the  smoother 
the  solid.  Hence,  the  maximum  bubble  volume  should  increase  with  0 
and  with  smoothness.  This  has  been  observed  on  many  occasions.  In 
Jakob’s  experiments  on  boiling  of  water,  steam  bubbles  had  a  bell 
shape  and  reached  diameters  of  0.8  cm  before  detaching  when  the 
solid  was  oiled  (large  0).  On  a  smooth  metal  surface  bubbles  were  like 
inverted  pears,  and  on  an  indented  metal  surface  they  stood  like  eggs 
on  end.  The  difference  between  the  bubble  shapes  on  smooth  and 
rough  surfaces  cannot  be  due  to  any  difference  in  the  equilibrium 
contact  angles  as  these  angles  between  metal,  water,  and  air  usually 
are  independent  of  roughness29.  In  the  experimental  boiler  of  Leaf 
et  al.,30  smooth  heating  surface  (of  copper)  gave  rise  to  large  bubbles 
(and  a  less  stable  foam),  while  on  a  copper  surface  punched  with  a 
nail  so  that  a  lot  of  sharp  points  stick  out”  small  bubbles  ongina  c  . 

The  advancing  contact  angle  0A  being  greater  than  0  also  may  be 
of  importance  in  boiling.  It  is  known  that  a  point  on  a  hot  so  it 
at  which  a  bubble  formed  once  remains  for  a  time  source  o  m 
bubbles.  Presumably  the  main  reason  for  this  behavior  is  the  fa 
(see  (b)  above),  that  the  escaping  bubble  is  smaller  than  re  se.ssi 
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bubble  and  leaves  behind  a  small  gas  residue  which  serves  as  nucleus 
for  the  subsequent  bubble.  The  small  residual  bubble  is  not  swrept 
away  by  the  liquid,  even  if  the  equilibrium  contact  angle  is  zero, 
presumable  because  0A  is  much  greater  than  zero. 

As  with  the  bubbles  formed  at  an  orifice  (see  section  4),  the  maxi¬ 
mum  dimensions  of  bubbles  rising  from  a  solid  plane  depend  on  the 
rate  of  their  formation.  .Jakob"0  found  that  the  diameter  of  steam 
bubbles  produced  on  a  heated  surface  was  1,  2,  3,  4,  and  5  mm  when 
bubbles  escaped  every  0.014,  0.021,  0.029,  0.034,  and  0.040  sec, 
respectively.  Jenckel  and  Hammes31  measured  the  volume  of  hy¬ 
drogen  bubbles  rising  from  an  aluminum  surface  during  cathodic 
polarization  in  hydrochloric  acid.  When  the  rate  of  hydrogen  evolu¬ 
tion  was  raised  by  increasing  either  the  concentration  of  the  acid  or 
the  current  density,  the  bubble  volume  increased  also.  It  wras,  for 
example,  0.5  X  10  7  cm3  in  N  hydrochloric  acid  and  16  X  10~7  cm3 
in  3N  hydrochloric  acid. 

Experiments  on  bubble  formation  by  electrolysis  are  not  wTell 
suited  for  studying  the  effect  of  rate  on  the  volume  of  the  bubble, 
because  also  the  composition  of  the  solution  adjacent  to  the  electrode 
varies  when  the  rate  of  gas  evolution  is  altered.  At  the  same  time  the 
potential  difference  between  the  electrode  and  the  adjacent  solution 
changes.  Thus,  bubbles  produced  at  different  rates  are  produced 
m  different  liquids  and  different  electric  fields.  The  electric  state  of 

e  system  can  affect  the  size  of  an  escaping  bubble  by  at  least  two 
mec  an  isms,  (a)  s  the  interfacial  tension  between  liquid  metals 

Xe  meT (°  77  S° Uu  i0ns.depends  011  the  Potential  difference  v  at 
the  metal-solution  boundary  (the  electrocapillary  effects)  and  the 

contact  angles  depend  on  the  interfacial  tension,  0  is  affected  by  , 

?f  ;ir  ? 

be^xpected 'to  bfrepelled  tZ f  %\  ^ 

treatment  would  require  calculation  of  the  inter^  Ion  of  ZVT 
layers,  which  calculation  has  not  succeeded  to  date 


na  ';quid  heated  by 

me  bubble  formation  m  many  ways.  The 
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electric  effects,  just  mentioned,  are  likely  to  be  important  when  the 
solute  is  an  electrolyte,  but  are  little  known.  It  is  conceivable  that 
the  solute  in  a  chemical  reaction  with,  or  by  adsorption  on,  the 
solid  will  change  the  number  of  the  gas  nuclei  present  in  the  surface 
of  the  solid  phase.  However,  the  most  common  effects  presumablv  are 
due  to  the  change  of  7  and  0*  by  the  dissolved  compound. 

Lowering  of  surface  tension  7  tends  to  diminish  the  bubble  volume. 
This  can  be  inferred  from  Fig.  5  which  shows  that  vll3/a,  i.e.,  also 
(at  a  constant  density  p)  vm/ylrl,  is  a  definite  function  of  the  contact 
angle.  Thus,  at  0  =  100°,  vlli/a  is  about  1.2,  or  v1/3  =  1.2  a.  If  a  is 


Figure  6.  Effect  of  foam  inhibitors  on  the  bubble  size  in  boiling  liquids.  (A) 
Boiling  of  dilute  “Nacconol”  solution;  small  bubbles,  noncoalescing.  (B)  After 
addition  of  polyamide  foam  inhibitor;  mostly  large  coalescing  bubbles.  From 

Ind.  Eng.  Chem.,  40,  1363  (1948). 


depressed  by  a  solute,  vm  is  depressed  in  the  same  ratio.  In  a  liquid 
of  y  =  30  the  maximum  bubble  volume  is  0.264  that  in  water  having 
T  =  73  g/sec2  (at  equal  densities).  The  reduction  of  v  by  surface-active 
agents  can  be  seen,  for  example,  in  the  photographs  published  by 

Gunderson  and  Denman  .  .  ,  , 

Foam  inhibitors  added  to  boiling  aqueous  solutions  (pure  wate 

requires  no  foam  inhibitor)  show,  among  others,  the  effect  of  in¬ 
creasing  e,  .  This  may  be  concluded  from  Fig.  6  taken  rom  the  above- 
mentioned  paper.  “A”  is  a  photograph  of  a  boiling  dilute  solution  o 
a  sodium  alkyl  aryl  sulfonate  (some  very  popular  surface-active 
agents  belong  to  this  class  of  compounds),  and  “B’  shows  the  same 
solution  to  which,  however,  a  foam  inhibitor  was  added.  Similar 
photographs,  but  for  a  vertical  heater,  are  reproduced  m  a  paper  by 
Jacoby  and  Bischmann  . 
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Formation  of  Films 


Section  13.  Foams  are  produced  by  agglomeration  of  bubbles  but 
they  consist  of  films  surrounding  gas  spaces.  Therefore  some  methods 
of  making  foam  films  are  mentioned  here.  The  following  discussion 
is  based  on  Plateau’s  work34. 

Two  horizontal  wire  rings  are  placed  one  on  top  of  the  other, 
wetted  by  a  soap  solution,  and  the  upper  ring  is  slowly  lifted.  Or 
a  horizontal  ring  is  lowered  into,  and  then  slowly  withdrawn  from, 
such  a  solution.  As  long  as  the  distance  between  the  two  parallel 
rings  or  between  the  ring  and  the  liquid  surface  is  small,  an  ap¬ 
proximately  vertical  film  curtain  suspended  from  the  top  ring  is 
visible.  When  this  distance  increases,  the  film  becomes  strongly  con¬ 
cave  toward  the  exterior;  finally  the  vertical  cross  section  of  the  film 
acquires  the  shape  of  an  X,  and  on  further  increase  of  the  distance 
the  upper  and  the  lower  halves  of  the  X  separate  and  form  plane 
horizontal  film(s)  stretched  across  the  ring(s).  This  development  is 
a  consequence  of  Laplace’s  law  of  capillary  pressure  (see  section 
10).  The  air  surrounded  by  the  film  curtain  is  at  the  same  pressure 
as  the  air  outside,  and  gravitation  may  be  neglected.  Hence,  the 


capillary  pressure  )  must  be  zero,  i.e.,  Rx  must  be  equal 

t°  ~  Rv  •  this  means  that  the  film  curtain  must  bulge  toward  the 
axis  of  revolution  as  its  two  principal  radii  of  curvature  must  have 
different  signs,  i.e.,  must  be  on  the  different  sides  of  the  film.  The 
distance  (say,  Rx)  of  any  point  of  the  film  from  the  axis  is  equal  to 
the  radius  of  curvature  ( -R 2)  of  the  film  at  this  point  in  the  vertical 
cross  section.  The  film  is  a  catenoid,  i.e.,  a  surface  generated  by  ro¬ 
tation  of  a  catenary  about  its  axis.  Fig.  7  shows  in  a  qualitative  way 
why  the  bulge  deepens  when  the  mutual  distance  between  the  rings 
increases.  Let  abc  be  the  profile  of  the  film  when  this  distance  is  hx 
Lhen  the  distance  is  increased  to  h2 .  Suppose  that  the  new  profile 
between  d  and  e  would  still  pass  through  point  b.  The  distance  Rx 
for  every  point  on  the  curve  dbe  is  smaller  than,  or  equal  to  this 
distance  for  curve  abc.  Hence  R2  for  dbe  should  also  be  smaller’ than 
(or  in  point  b  equal  to)  R,  for  abc.  It  is  seen,  however  that  cuZ 
e  is  a  ter  t  an  curve  abc,  i.e.,  has  larger  radii  of  curvature  Thus 

.r:,;™  avquilibrium  %ire' -<>  ^  ^2 

"  PaSS  thr°Ugh  a  P°mt.  as  /,  nearer  to  the  axis  of 
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revolution  than  b.  Finally,  the  smallest  Rx  of  the  curtain  becomes  so 
small  that  the  film  coalesces  in  the  middle.  According  to  Plateau’s 
calculation  this  happens  when  the  distance  h  between  the  rings  is 
two-thirds  of  the  ring  diameter.  For  two  7-cm  rings  the  experiment 
gave  h  =  4.G  cm,  i.e.,  sufficiently  close  to  14/3  cm.  When  a  ring  is 
raised  above  a  liquid  surface,  distance  h  should  be  equal  to  one-third 
of  the  diameter.  An  experiment  gave  h  =  2.26  cm  for  a  6.96-cm  ring. 

An  analogous  sequence  of  events  takes  place  when  a  soap  bubble 
formed  at  the  bowl  of  a  pipe  is  thrown  off  by  a  jerk  of  the  pipe.  The 
rim  of  the  bowl  has  the  function  of  one  of  the  rings  in  the  previous 


Figure  7.  Indentation  of  a  foam  film  between  two  rings  when  the  distance 
between  the  rings  increases. 

experiment,  the  incomplete  film  sphere  over  the  bowl  acts  as  the 
other  ring,  and  the  jerk  of  the  pipe  causes  the  necessary  increase  of 
the  distance  between  the  “rings.”  Thus  the  bottom  part  of  the  u  y 
formed  spherical  soap  bubble  originates  from  the  uppei  a  o 
neck  produced  when  the  bowl  was  moved  a\\  ay  from  t  e  u 
When  a  ring  spanned  by  a  soap  film  is  rapidly  moved  in  the  nee  ion 
of  the  normal  to  the  film,  the  resistance  of  the  air  transforms  t  e 
plane  into  a  bag,  and  the  bag  becomes  a  detached  bubble  in  the  same 
manner  as  a  bubble  blown  from  a  pipe. 


Formation  of  Foam 

Section  14.  When  a  bubble  rising  in  liquid  comes  near  the  sur¬ 
face  of  the  latter,  a  liquid  dome  is  lifted  above  the  bubble.  In  a  liquid 
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incapable  of  foaming  this  dome  bursts  at  once,  producing  fine  spray 
(as  in  soda  water).  In  the  other  liquids  the  dome  persists  for  a  time. 
During  its  existence  it  is  subjected  to  gravitation  and  to  capillary 
pressure,  and  these  agents  determine  its  shape  and  position.  Plateau’s 
Recherches,  Cth  series34,  contain  practically  everything  we  know  about 
this  problem. 

When  the  bubble  is  small,  it  is  almost  spherical  and  almost  com¬ 
pletely  submerged.  There  are  three  liquid-gas  interfaces  and,  hence, 
three  capillary  pressures  to  consider.  The  pressure  downward  of  the 
ceiling  of  the  bubble  is  nearly  cancelled  by  the  pressure  upward  of 
the  floor  of  the  bubble,  as  the  curvatures  of  ceiling  and  floor  are 
nearly  equal.  The  pressure  downward  of  the  roof  of  the  bubble,  i.e., 
of  the  curved  free  surface  of  the  liquid  above  the  bubble,  is  cancelled 
by  the  bubble’s  buoyancy.  As  the  bubble  is  small,  the  buoyancy 
also  is  small,  and  consequently  the  radius  of  the  curvature  of  the 
exterior  of  the  dome  is  large.  Plateau  did  not  determine  the  relation 
betw  een  the  radius  ( R )  of  the  bubble  and  the  radius  of  curvature 
(R  )  of  the  dome,  but  an  (unpublished)  calculation  shows  that,  at  a 
first  approximation  for  very  small  R, 


R1  = 


3-y 
2  pgR 


(6) 


7  and  p  being  again  surface  tension  and  density  of  the  liquid,  and  g 
acceleration  due  to  gravity.  For  water  at  room  temperature',  when 
R  —  0.1  cm,  R  is  0.6  cm  (using  a  more  exact  formula). 

When  the  bubble  diameter  is  over  2  cm,  the  floor  of  the  bubble  is 
nearly  plane  and  the  dome  is  nearly  a  hemisphere.  An  equation  at¬ 
tributed  to  Mensbrugghe  shows  this  in  a  semiquantitative  manner, 
n  a  laige  bubble  the  exterior  and  the  interior  surfaces  of  the  dome 

T!  P.araUel;  Lf  the  anSle  formed  by  them  and  the  imaginary 
horizontal  plane  which  separates  ceiling  and  floor  be  a,  and  the  angle 

y  oUhelneV  °°flr  *"?  P'a"e  *  *  Th»  the  -face  tendon 

?enLo  o  qUld  ace  °Utside  the  bubble  is  equilibrated  by  the 
"r"  cos  “  +  cos  W  of  the  three  bubble  surfaces  Hence  2 
cos  «  +  cos  /}  -  1.  Thus  a  flat  floor  (0  very  small)  implies  a  very  small 

C„nh;  d^e*  90°.  a  nearly  hemispheric^ shape 

sudace^f Th^hqui^far^rom'the^bubble*1  In  fact^H  ^ 
roof  is  identical  with  that  of  liquid  perfectlv  vetr  ^  “  i'''1’0  °f  the 
having-  the  shape  and  position  of  the  bubble  &  S  SS  marb'e 
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If  there  are  two  bubbles  underneath  the  liquid  surface  and  their 
mutual  distance  is  so  small  that  the  surface  between  them  is  curved 
everywhere,  then  the  bubbles  are  attracted  to  each  other  in  the  same 
manner  as  are  two  parallel  vertical  plates  partly  immersed  in  a  liquid 
(see,  e.g.,  ref  1,  p.  31).  If  many  such  bubbles  come  together,  the  first 
layer  of  a  foam  column  is  formed. 


Air 


Figure  8.  Mutual  deformation  of  two  foam  bubbles  in  contact  in  the  top  layer 
of  foam. 


Structure  of  Foam 

Section  15.  When  two  bubbles  come  together  on  a  liquid  sur¬ 
face,  they — as  a  rule — both  suffer  deformation,  as  illustrated  in  Fig. 
8.  The  septum  between  the  bubbles  has  a  curvature  (radius  R  )  dif¬ 
ferent  from  those  of  the  bubbles  (radii  Ri  and  Ri).  R  is  given  by  the 
condition  that  the  resultant  pressure  on  the  septum  should  be  zero. 
In  the  bubble  having  radius  Ri  the  capillary  pressure  is  4y/Ri.  The 
factor  is  4  rather  than  2  because  the  lamella  has  two  surfaces  each  of 
which  has  surface  tension.  In  the  other  bubble  it  is  4y/R* .  The  capil¬ 
lary  pressure  exerted  by  the  septum  is  the  difference  between  these 
pressures,  i.e.,  dy//?1  =  (4y /R\)  —  (4y//?2).  Hence, 


If  the  two  bubbles  are  equal,  R 2  —  Ri  and  R  00 ,  i-e->  the  septum  is 
plane,  as  in  Fig.  8.  If  A  »  A  ,  R'  is  not  greatly  different  from  A. 
This  means  that  in  the  region  of  contact  the  very  large  bubble  rs 
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more  deformed  than  the  small  one.  If  R2  =  2Rlf  then  R1  =  R2,  i.e., 
the  larger  bubble  is  not  deformed  at  all. 

The  space  marked  PB  plays  an  essential  part  in  Plateau’s  theory 
of  foam.  The  liquid  in  this  space  is  under  a  lower  pressure  than  the 
liquid  in  the  walls  of  the  bubbles.  Let  the  pressure  in  the  bubble  be 

P .  The  pressure  in  the  liquid  in  the  wall  (gravitation  being  neglected) 

2y 

is  =  ~  if  R 1  is  the  common  value  of  the  two  main  radii  of 

curvature  of  the  interface  between  gas  phase  and  bubble  wall.  The 

pressure  in  space  PB  is  P2  =  P  -  7Q-  +  if  P2  is  that  radius  of 

curvature  of  the  interface  between  PB  and  the  gas  phase,  which 

lies  in  the  plane  of  paper  (see  Fig.  9).  Thus  P,  -  P2  =  y( _I  _ 

and  as  P2  is  much  less  than  Px ,  P1  is  greater  than  P2 .  The  importance 
of  this  pressure  difference  for  foam  drainage  is  discussed  in  section 
56.  Here  the  influence  of  PB  on  foam  structure  is  presented.  PB  means 
Plateau’s  border.  This  term  will  be  used  henceforth  in  this  book. 
Sometimes  Plateau’s  border  is  designated  Gibbs  edge  or  Gibbs  ring 

ut  Plateau  anticipated  Gibbs  by  almost  30  years  and  his  work 
was  known  to  Gibbs. 

In  the  presence  of  a  free  liquid  surface  the  shape  of  Plateau’s  border 
may  be  markedly  affected  by  gravitation.  In  a  system  of  bubbles 
v  ose  thin  vails  follow  capillary  pressures  rather  than  gravitation 

ilonee  The  m  Pe  ^  detfermined  from  Hilary  considerations 
alone  The  main  conclusion  of  such  considerations  is  that  the  three 

each  rithi'i'1'  This  (  T  \P'atr  b°rder  make  ang,es  of  120°  with 

each  other.  This  can  be  shown  by  using  the  notion  of  either  surface 

of)  equal  forces  (2y)  in  one  nlane  Thovn  .  th  three  pairs 

■r  .  ..  v  piane.  inese  can  cancel  papVi  _ i 

if  inclined  to  each  other  at  120°  fh)  (if  n,  t  ^01  on  ^ 

curvature  of  one  of  the  surfaces  of  the  bo^  ^  °f 

drawing-rno't' vfry  different  ‘f  T 

th;,°ther’n  U‘e  P'ane  °f  the  dra"™g.  ■s'very  ^maM .  The^expression 
Gi  Rt)  eapilla,-v  Pressure  on  Plateau’s  border,  if 
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R2 ,  can  be  approximately  simplified  to  y/Rz .  Thus  the  capillary  pres¬ 
sure  on  Plateau’s  border  is  almost  independent  of  the  size  of  the 
bubble.  Henoe,  whatever  the  size  (and  the  relative  size)  of  the  three 
bubbles,  the  curvatures  of  the  border  in  the  plane  of  the  paper  must 
be  identical  for  its  three  surfaces.  This  is  possible  only  if  the  angles 
between  the  lamellae  are  equal,  that  is,  each  is  equal  to  120°. 

If  instead  of  three,  four  lamellae  should  come  together,  they  would 
form  a  perfect  cross,  i.e.,  the  angles  between  them  would  be  90°  each. 


2r 


Figure  9.  Three  foam  lamellae  coming  together  in  a  Plateau  border  and  form¬ 
ing  angles  of  120°  with  each  other. 

However  this  structure  would  be  unstable.  Only  by  a  rare  coincidence 
would  the  nressures  in  all  the  four  bubbles  be  equal.  Suppose  fte  pres- 


FORMATION  AND  STRUCTURE  OF  FOAMS 


25 


the  center  of  a  regular  tetrahedron  with  its  four  corners.  Four  bubbles 
arrange  themselves  into  a  tetrahedron-like  structure  because  tetra¬ 
hedron  is  the  only  close  tri-dimensional  figure  having  four  corners. 
Figures  having  more,  e.g.,  eight  corners  as  in  a  cube,  in  which  more 
than  four  lines  of  contact  come  together,  are  unstable,  and  the  cause 
of  this  instability  is  identical  with  that  for  the  instability  of  more 
than  three  bubbles  touching  each  other  in  one  plane.  The  tetrahedron¬ 
like  structure  is  based  on  the  regular  tetrahedron  because  (a)  surface 
tension  is  identical  for  all  the  Plateau  borders,  or,  from  another 
point  of  view,  (b)  because  capillary  pressure  must  be  the  same  on 
different  surfaces  of  a  border. 

Plateau  did  not  deduce  the  crystal  shape  approximating  the  most 
probable  shape  of  a  bubble  in  foam.  From  observations  on  gelatin, 
soap,  and  rosin  foams  Desch38  concluded  that  pentagonal  dodecahe¬ 
dron  (figure  bounded  by  twelve  equilateral  pentagons)  is  the  most 
frequent  approximate  shape  of  foam  bubbles.  This  is  the  only  figure 
whose  repetition  can  fill  the  space  and  in  which  all  faces  form  angles 
of  120°  with  each  other. 
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METHODS  OF  MEASURING 


JL. 


FOAMINESS 


Section  16.  In  sections  14  and  15,  foam  bubbles  and  their  ag¬ 
glomerations  have  been  considered  as  equilibrium  systems.  In  reality, 
however,  hardly  any  foam  is  in  equilibrium.  Two  main  processes 
take  part  in  the  large  majority  of  foams.  The  liquid  making  out  the 
domes  of  single  bubbles  or  the  walls  in  a  multicellular  foam  drains 
down  because  of  gravitation  and  toward  Plateau’s  borders  because 
of  the  suction  they  exert.  This  drainage  is  the  subject  of  Chapter  4. 
The  other  process  consists  in  bursting  of  the  foam  films,  and  the  pres¬ 
ent  chapter  reviews  the  main  methods  suggested  for  measuring  the 
lifetime  or  persistence  of  these  films. 

The  final  goal  of  all  such  methods  should  be  establishing  foaminess 
as  a  quantity  independent  of  the  apparatus  and  procedure  employed 
and  depending  only  on  the  nature  of  the  substances  used,  their  mix¬ 
ing  ratio,  and  on  the  general  physical  factors  (such  as  temperature, 
pressure,  etc.)  Surface  tension,  density,  etc.,  are  quantities  in  this 
sense.  The  ideal  is  to  be  able  to  express  the  foaming  capacity  or  the 
foam  persistence  of  a  liquid  by  one  number.  This  ideal  has  not  been 
reached  yet,  and  even  the  desirability  of  reaching  it  seems  to  be  felt 
by  a  minority  of  the  students  of  foam. 


Section  17.  The  persistence  of  single  films  spanning  a  wire  ring 

TorLw  °"  m  *  matCfal  °f  tHe  ™g-  Plateau'  could  not  obtain 

oxidit  th  ?mS  “  °°PS  °f  Untreated  iron  "’ire  and  had  to 
p  'he  wire  by  immersing  it  for  a  minute  in  dilute  nitric  acid 

I  e.  haps,  nitric  acid  mcreased  the  roughness  of  the  iron  surface  and 

e^rr,  eh  itS  dretting-  F0,,,k  a,,d  Barid^  noticed  nCdd- 

rence  m  behavior  between  platinum,  chromel,  and  glass  rings 
l  dm  foimation  is  more  Drohnhle  if  tT,0  •  i  ®  ‘ 

and  R.,rL-w  •  u  ®  lie  •  1  he  aPParatus  constructed  by  Foulk 
and  Jiarkley  is  shown  in  Fig.  10  K  is  the  rino-  m  n*  w  ^ 

/v  is  tne  ring  (0.05  cm  platinum  wire 
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diameter  1.3  cm).  When  it  is  pressed  down  to  touch  the  liquid  over¬ 
flowing  in  funnel  G  and  then  released,  the  rubber  spring  V  lifts  it  at 
a  reproducible  speed.  The  liquid  was  distilled  into  funnel  G  from  flask 
A,  and  the  overflow  siphoned  away  through  tube  / .  (For  explanation 


Figure  10.  Apparatus  for  measuring  film  persistence.  Films  are  formed  when 
ring  K  touches  liquid  in  funnel  G  and  is  lifted  again.  From  Ind.  Eng.  ('hem.,  35, 
1013  (1943). 

of  W  see  section  19.)  Foulk  and  Barkley  tested  the  foaming  capacity 
of  their  liquids  by  immersing  and  withdrawing  the  ring  100  times 
and  noting  the  number  of  films  formed.  Plateau,  whose  soap  solutions 
invariably  gave  films,  measured  the  persistence  of  the  latter. 

Plateau3  prepared  soap  films  also  by  rolling  soap  sohitions  in  a 
cylindrical  tube  and  suddenly  stopping  the  movement.  Because  the 
curvature  of  Plateau's  borders  on  both  sides  of  the  him  must  be 
identical,  the  films  are  normal  to  the  walls  of  the  tube.  Hence,  if 
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tube  is  conical,  they  are  convex  toward  the  wider  part  of  the  tube 
and  may  be  pushed  in  this  direction  by  capillary  pressure.  Mild 
shaking  of  a  foaming  solution  in  a  graduated  flask  readily  gives  rise 
to  such  films.  Films  in  a  cylinder  can  be  produced  also  by  blowing- 
air  through  a  fine  pipette  on  the  surface  of  an  appropriate  liquid  in  a 
cylindrical  vessel4. 

An  apparatus  for  the  determination  of  the  persistence  of  vertical 
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of  liquid  transferred  into  the  bubble  wall  was  known,  the  film  thick¬ 
ness  in  the  moment  of  rupture  could  be  calculated. 

When  a  vertical  wire  triangle  is  slowly  withdrawn  from  a  solu¬ 
tion,  a  film  remains  between  the  exposed  parts  of  two  wires.  The  area 
of  the  film  in  the  moment  of  rupture  is  greater  the  greater  the  foam¬ 
ing  capacity  of  the  liquid  and  may  be  used  to  measure  this  capacity7. 
MataloiP  determined  the  force  exerted  by  the  liquid  film  on  a  vertical 
stirrup  alternately  lowered  into  liquid  and  raised  above  it;  the  hys¬ 
teresis  observed  is  said  to  have  some  connection  with  foaminess. 


Section  18.  Single  films  are  particularly  favorable  subjects  for 
studying  the  relation  between  persistence  and  extent  and  the  effect 
of  the  surroundings  on  persistence. 

As  a  rule,  the  lifetime  of  a  film  is  greater  the  smaller  the  film  area. 
In  Plateau’s  experiments9  soap  films  on  an  iron  ring,  diameter  7  cm, 
lasted  an  hour  at  the  most,  while  films  in  a  2-cm  ring  reached  per¬ 
sistence  of  12  hours  (no  mean  values  are  given).  It  is  seen  that  the 
maximum  persistencies  were  (roughly)  inversely  proportional  to  the 
area  of  the  film  [as  (7/2)2  =  12.2].  An  identical  relation  was  observed 
also  for  the  mean  values  of  lifetime4.  Films  1.0  cm  in  diameter  were 
compared  with  those  having  diameter  of  3.5  cm,  the  ratio  of  the  areas 
being  again  12.2.  The  persistence  of  the  smaller  films  of  0.43  per  cent 
disodium  a-tocopheryl  phosphate  monohydrate  solution,  3.7  per  cent 
sodium  laurate  solution,  and  of  (7  weeks  old)  beer  were  approximately 
420,  260,  and  390  sec,  while  those  of  the  larger  films  of  the  same 
solutions’  were  35,  23,  and  35  sec,  respectively.  The  ratios  (14.0, 
11.3,  and  11.1)  are  not  far  from  12.2.  The  lifetime  of  some  bubbles 
(see ’section  19)  also  is  inversely  proportional  to  the  square  of  their 
radius  The  persistence  of  vertical  films  (of  aqueous  alcohols)  pro¬ 
duced  in  the  apparatus  of  Fig.  11  was  smaller  the  greater  the  film 
area,  but  no  quantitative  results  are  mentioned  in  the  original.  If 


the  relation  ^  j  (t  =  persistence,  S  =  area)  is  valid  for  many 

solutions,  thequantity  nSi  =  r2S2 ,  which  would  be  independent  of 
the  area,  would  be  a  better  measure  of  foaminess  than  n  or  r2 .  Use 
of  tS  would  be  a  step  toward  the  goal  mentioned  in  section  16.  hoi 
Plateau's  explanation  of  the  inverse  relationship  between  persistence 

and  area  see  section  75. 

The  lifetime  of  a  film  depends  on  whether  the  him  is  kept  in  an 
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open  or  a  closed  vessel  and  whether  the  atmosphere  is  humid  or  dry. 
The  atmosphere  in  a  closed  vessel  (containing  at  least  one  liquid 
film)  will  usually  he  more  humid  than  that  in  an  open  vessel;  thus 
the  two  sets  of  conditions  are  related.  However,  it  is  certain  that  the 
environment  of  a  film  in  a  confined  space  differs  from  that  in  a  large 
room  not  only  because  of  different  humidities.  In  a  closed  vessel  the 
film  is  better  protected  from  external  foes  such  as  strong  air  currents, 
dust  particles  etc.,  and  is  likely  to  persist  for  a  longer  time  (see  sec¬ 
tion  102).  If  it  is  inherently  more  persistent  in  dry  air,  then  the  higher 
humidity  in  the  closed  vessel  will  counteract  the  beneficial  effect  of 


the  mechanical  protection,  and  the  lifetime  may  be  either  shorter 
or  longer. 

Plateau  studied  films  (or  rather  bubbles  on  a  wire  frame)  of  soap 
solutions  in  aqueous  glycerol  (see  section  39).  These  films  were  hy¬ 
groscopic  and  increased  in  thickness  when  kept  in  moist  air.  They 
persisted  for  a  longer  time  in  a  vessel  over  calcium  chloride.  Verti¬ 
cal  films  of  aqueous  alcohols  on  wire  triangles7  ruptured  at  a  greater 
extension  in  an  open  than  in  a  closed  vessel,  but  no  such  effect  was 
observed  with  water  or  alcohol  alone.  Plane  films  in  closed  tubes  were 
particularly  persistent*.  For  example,  films  of  soap  in  aqueous  glyc¬ 
erol  lasted  for  10  days  as  against  6  hours  for  a  comparable  bubble 
on  a  wire  ring  in  air.  Also,  the  films  which  Dewar10  succeeded  in  pre¬ 
senting  for  months  were  plane,  horizontal,  and  kept  in  a  closed  bottle. 

lateau  pointed  out  the  importance  of  vibrations  (of  the  film  or 

of  the  whole  apparatus)  but  made  no  systematic  experiments  con¬ 
cerning  it. 

The  effect  of  the  environment  is  mentioned  again  below  (section 

h  mirrr  ,0  emphasi*s  itS  **"«*<»»<*  in  this  discussion 
vitiate  ^  °f  meaSUrmg  f°ammess,  as  neglect  of  this  effect  may 
V  trate  any  comparison  of  the  experimental  results  obtained  under 
different  conditions  or  at  different  times 


— .< -  -■«»  'sr x  sirs 
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cm  and  4.5  min.  for  bubbles  of  0.4  to  0.5  cm;  this  is  proportionality 
between  —  and  2R  (see  also  section  30).  The  lifetime  of  mercury 

T 

bubbles  (see  section  7)  was  inversely  proportional  to  R~  (see  ref. 


12). 

The  persistence  greatly  depends  on  the  cleanness  of  the  surface. 
Liquid  surfaces  are  cleaned  by  overflow7  or,  more  often,  by  sweeping 
them  with  a  bar  of  a  nonwettable  solid11, 13 ;  this  method  is  familiar  to 
all  students  of  unimolecular  layers.  Sometimes11  it  is  found  necessary 
to  wait  one  or  two  minutes  before  placing  a  new  bubble  on  (or  under) 
the  spot  w  here  the  previous  bubble  burst  or  to  place  every  new  bubble 
under  a  virgin  surface.  Also,  the  age  of  the  surface  undisturbed  by 
bubbles  has  an  effect  on  persistence.  The  difference  between  a  fresh 
(continuously  overflowing)  and  an  aged  (about  20  min.  old)  surface  is 
wTell  illustrated  in  the  observations  by  E.  E.  Wark14.  The  lifetime  of 
bubbles  of  0.002  per  cent  trimethylcetylammonium  bromide  w7as  2 
sec  under  fresh  and  19  sec  under  aged  surface,  and  the  corresponding 
values  for  0.02  per  cent  terpineol  solution  wrere  12  and  22  sec. 

As  in  the  instance  of  single  films  (section  18)  the  results  in  an  open 


and  a  closed  vessel  often  are  strikingly  different.  Thus  the  persistence 
of  air  bubbles  in  aqueous  alcohol  showed  a  maximum  at  some  medium 
alcohol  concentration  (see  section  34)  when  the  vessel  was  closed, 
but  no  such  maximum  was  observed  in  free  air.  1  he  persistence  of 
bubbles  in  0.47V  aluminum  chloride  solution  w7as  doubled  when  an 
open  trough  w7as  substituted  for  a  closed  vessel  .  Bubbles  in  0.00092 
and  0.018471/  isoamyl  alcohol  solutions  lasted  in  free  air  5  to  10  times 


as  long  as  in  enclosed  space11  (see  also  section  45).  l6 

An  apparatus  using  two  bubbles  w7as  devised  by  Foulk  and  Miller  . 
A  simplified  version2  is  shown  in  Fig.  10,  W.  It  consists  of  two  ver¬ 
tical  capillary  tubes,  one  of  which  is  bent  so  that  its  orifice  is  exactly 
under  the  orifice  of  the  other  tube.  The  instrument  is  partly  immersed 
in  the  test  liquid,  deep  enough  for  the  orifices  to  be  submerged.  When 
air  is  forced  through  both  tubes,  bubbles  form  at  both  orifices.  In  a 
liquid  incapable  of  foaming  they  readily  coalesce.  Otherwise  they 
rise  separately  without  merging.  The  percentage  of  bubbles  which 
rose  separately  is  taken  as  a  measure  of  foaminess.  It  dePends  on 
distance  between  the  orifices17,  the  precision  of  alignment  of  the  two 
bubbles,  etc.,  and  thus  does  not  determine  foaming  capacity  in  a 
generally  valid  manner.  On  the  other  hand,  the  method  has  the  ad¬ 
vantage  of  employing  fresh  gas/liquid  interfaces  produced  in  the 
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bulk  of  the  liquid  and  should  be  less  sensitive  to  surface  contamina¬ 
tion  than  the  one-bubble  method2.  The  two-bubble  principle  was 
adopted  also  by  McBain  and  RobinsonIs. 

In  another  method19  many  bubbles  are  produced  but  only  one  is 
utilized.  The  surface  of  a  liquid  is  covered  with  one  layer  of  bubbles 
(blown  at  the  tip  of  a  submerged  capillary).  Then  a  wire  ring  enclos¬ 
ing  an  area  S  equal  to  one-half  the  surface  area  of  the  liquid  is  fixed 
above  the  liquid,  and  the  time  required  for  area  S  to  become  free  of 
foam  is  noted.  In  other  words,  the  lifetime  of  the  most  persistent 
bubble  among  an  indefinite  number  of  these  is  determined  while  all 
the  other  bubbles  are  disregarded.  The  effect  of  surroundings  is 
noticeable  in  this  method  also.  In  0.01  per  cent  saponin  solution  the 
maximum  lifetime  was  found  to  be  too  long  for  convenient  measure¬ 
ment  if  the  monolayer  of  bubbles  was  formed  in  a  closed  vessel  or 
protected  from  draft  by  a  40  cm  tall  wall;  but  when  the  wall  was  2.5 
cm  tall  the  lifetime  was  several  seconds  only.  Increase  of  the  bubble 
path  in  the  liquid  (i.e.,  the  distance  between  the  orifice  and  the  sur¬ 
face  of  the  liquid)  from  6  to  76  cm  extended  the  lifetime  from  6.5  to 
15.5  sec. 


Section  20.  Three-dimensional  foams,  i.e.,  those  containing  at 
least  two  bubbles  in  every  direction,  are  commonly  used  for  deter¬ 
mining  the  foaminess  of  a  liquid.  The  three  main  methods  for  pro¬ 
ducing  such  foams  are  bubbling,  also  called  pneumatic  method  (see 
sections  3-6) ;  agitation  (see  section  7);  and  boiling  (see  sections  9-12) 

ta°eeo3h!me,nbS  n  fundan\ental  nature  bubbling  is  more  advan- 
tageous  than  the  other  procedures  since  the  amount  of  gas  introduced 

in  «  the  liquid  and  the  degree  of  its  dispersion  can  be  regulated  at 

prodded  bv T  *?  re‘atiVe  eaSe'  SeVe,'al  —  of  foams 
tween  I  he  o  'fT*’  beatmS'  etc-.  emphasized  the  difference  be- 
tween  the  ease  of  formation  of  froth  and  its  stability.  This  means 

Z  ofTiquid  Sh'e  7  t0  l6SS  ^  ‘ha“ 

persistent  than  that  of  A  In  7  ’  ,®##  Produced’  ma.v  be  more 

introduce  bubbles  into  A  than  h  t  "r  TT  u™  m°re  difficult  t0 
gas  is  introduced  at  a  ntlete  ,  “  the  bubbIinf?  me‘bod  the 

sure,  from  measurable  orifices dTf  *  p!'edetermi,.ed  pres- 
readily  be  distinguished  from  tt  ^  ^  °f  formation  cannot 

26  and  48).  ™  the  Stab,bt'V  of  a  froth  (aee  also  sections 
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Section  21.  In  the  pneumatic  method,  bubbles  may  originate  at 
single  orifices’0,  in  a  cloth  filter21,  in  sintered  glass  filters22- 23 • 24,  in  a 
diffuser  stone25,  in  a  Pasteur-Chamberland  filter,  in  a  diffuser  of 
sintered  metal  powder,  or  in  any  other  suitable  porous  septum.  Only 
when  a  single  orifice  is  employed,  may  the  resulting  foam  be  expected 
to  consist  of  equally  large  bubbles. 

Figs.  12  and  13  represent  two  of  the  apparatuses  used  in  the  pneu¬ 
matic  method.  That22  of  Fig.  12  has  no  provision  for  easily  keeping 


Figuke  12.  An  apparatus  for  the  pneumatic  determination  of  foam  stability. 

I,  sintered  glass  filter;  2,  measuring  tube;  3,  graduated  cylinder;  4,  mano¬ 
meter;  5,  outlet  tube;  6,  manometer;  7,  stopper;  8,  aspirator  with  water;  9,  10. 

II,  and  12  are  stopcocks.  From  Tsvetnye  Metally,  6,  1546  (1931). 


the  pressure  of  the  ingoing  gas  constant  but  allows  measuring  the 
pressure  of  the  outgoing  gas  and  the  increase  of  pressure  in  the  meas- 
uring  cylinder  (tube  2)  occurring  because  of  the  bursting  of  the 
bubbles  (see  section  56).  In  the  instrument2  of  Fig.  13,  gas  is  forced 
into  the  solution  under  a  constant  pressure  but  after  traversing  t  ic 
“one-meter”  measuring  tube  it  simply  goes  to  waste.  This  instru¬ 
ment  is  convenient  if  several  different  gases  are  to  be  use  . 

Many  quantities  can  be  measured  with  any  of  these  or  similar 
instruments.  Of  the  two  most  important,  the  rate  of  collapse  of  pre¬ 
formed  foam  is  discussed  in  section  28,  while  the  foam  heig  ( 
which  bubble  persistence  is  calculated)  is  reviewed  in  the  two  fol- 


METHODS  OF  MEASURING  FOAMINESS 


35 


lowing  sections.  The  measurement  of  the  foam  height  during  the 
bubbling  is  often  referred  to  as  the  dynamic  method  of  determining 
foaminess.  It  is  this  dynamic  foam  height  which  is  treated  in  section 
22. 


Section  22.  Foam  height  is  the  difference  in  level  between  the  top 
and  the  bottom  of  the  foam  column  in  a  graduated  tube.  When  the 


Figure  13  An  apparatus  for  the  pneumatic  determination  of  foam  stability 

^  '  B'  D'  E’  a”d  F  ^  St°PCWks-  From  EnTcket 

froth  persistence  is  small,  the  froth  usually  consists  of  small  bubbles 

™gTthe ’It  WhiCh  STCely  “P  or  down  the  tube  as 

ng  as  the  rate  of  the  air  current  is  constant,  and  the  position  of  th 

boundary  is  easily  read  up.  In  strongly  frying  so.utTons  the  top 
with  veTochyof  the  °*  fi'mS  SPam’ing  the  "hole  tube  and  rising 

frothing.  ooundarj  of  the  liquid  as  it  existed  before 
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The  foam  height  h  in  the  steady  state  depends  on  the  rate  of  gas 
current.  A\  ithin  a  range,  h  is  proportional  to  the  linear  gas  velocity 
u.  For  instance,  the  ratio  h/u  was  4.7,  6.5,  6.8,  6.8,  and  6.4  sec  for  u 
equal  to  0.130,  0.247,  0.395,  0.498,  and  0.669  cm/sec,  respectively, 
all  for  1  per  cent  solution  of  butyl  alcohol25. 

In  Sasaki’s  experiments26  on  an  aqueous  solution  of  1-hexanol,  the 
foam  height  was  a  linear  function  of  u  but  not  proportional  to  it, 
and  the  ratio  ( h  —  a)/u  rather  than  h/u  was  stated  to  be  constant,  a 
being  a  correction  term.  This  statement  implies  that  the  foam  height 
is  equal  to  a  cm  when  u  =  0,  i.e.,  no  gas  is  injected  at  all;  thus  it 
cannot  be  true  at  small  u.  At  great  u,  a  was  much  smaller  than  h 
and  could  be  neglected.  Unfortunately  it  is  not  clear  what  range  of 
air  rates  was  explored  by  Sasaki.  Dyakonov2'  determined  h/u  as 


function  of  the  Reynolds  number  (Re)  defined  as  pud/r\,  p  being  the 
density  of  the  liquid,  ??  its  viscosity,  and  d  the  diameter  of  the  measur¬ 
ing  tube.  In  dilute  soap  solutions,  h/u  was  constant  as  long  as  Re 
was  less  than  100,  or,  as  d  was  4  cm,  as  long  as  u  was  less  than  about 
0.25  cm/sec.  Between  Re  =  100  and  Re  =  200  or  250,  h/u  increased 
with  u.  At  still  greater  Re  it  decreased  again,  presumably  because  the 
air  blast  ruptured  the  soap  lamellae.  In  0.1  per  cent  isobutyl  alcohol 
solution28,  h/u  remained  constant  (about  3.2  sec)  up  to  u  =  1.3  cm/ sec 
and  increased  at  greater  u,  the  highest  value  of  u  tested  being  2 

cm/sec. 

If  S  is  the  cross  section  of  the  measuring  tube,  the  foam  volume 
v  =  Sh,  and  the  veolocity  u  =  V/St,  V  being  the  gas  volume  forced 
through  the  porous  membrane  during  time  t.  Hence,  v  is  proportional 
to  V/t  (within  a  range).  This  form  of  the  rule  is  preferable  if  the 
cross  section  of  the  tube  is  not  constant23.  If  foam  columns  in  two 
different  tubes  are  compared  at  a  constant  value  of  I  /t,  the  foam 
volumes  should  be  equal.  This  was  confirmed  for  tubes  of  2.7  and  3.7 
cm  in  diameter  and  also  for  a  tube  fitted  with  a  bulb.  Urine  and  1  per 
cent  butyl  alcohol  were  the  liquids  used  .  Another  confirmation 
seems  to  be  afforded  by  foaming  of  raw  sugar  solutions  .  When  the 
cylinder  diameter  d  was  varied  between  2.5  and  4  cm,  the  oam 
height  h  varied  according  to  a  relation  expressed  by  the  authors  as 
(h  /ho)  =  (47-  di)/(4.7  -  d2).  This  equation  cannot  be  correct  as 
it  yields  h!t  0  at  *  -  4.7  cm.  However,  from  it  the  foam  heights  at 
2  5  and  4  cm  are  calculated  to  be  in  the  ratio  3.14,  i.e  ,  ic  oam 
volumes  in  the  ratio  1.23:1.  In  these  experiments  l  /t  was  17  cm  /sec^ 

When  the  height  Ho  of  the  liquid  layer  above  the  porous  septum 
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(before  bubbling)  increases,  the  foam  height  also  increases  but  seems 
to  tend  to  a  constant  limit23.  For  instance,  vt/V  of  1  per  cent  butyl 
alcohol  was  4.0,  5.6,  6.7,  and  7.1  sec  when  Ho  was  approximately  0.5, 
1.0,  1.5,  and  2.0  cm.  In  Dyakonov’s  experiments  h/u  was  said  to  be 
proportional  to  Ho°  '8. 

As  long  as  the  conditions  are  such  that  v  is  proportional  to  V ft  and 
that  the  ratio  vt/V  increases  to  a  constant  limit  when  Ih  increases, 
this  limit 


(8) 


is  independent  of  the  rate  of  air  flow,  of  the  diameter  of  the  measuring- 
tube,  and  of  the  amount  of  the  liquid  used.  Thus  the  quantity  2 
seems  useful  for  characterizing  the  foaming  capacity  of  a  liquid  (see 
section  16).  2  proved  to  be  independent  also  of  the  porosity  of  the 
septum  (sintered  glass  filters),  but  this  observation  does  not  imply 
that  2  is  independent  of  the  bubble  diameter  as  this  varies  but  little 
with  the  pore  size  when  the  pores  are  near  each  other  (see  section  5). 

2  has  the  dimension  of  time.  It  is  equal  to  the  time  an  average 
bubble  remains  entrapped  in  the  foam23.  This  can  be  shown  as  fol¬ 
lows.  Let  n  be  the  number  of  bubbles  formed  in  unit  time.  Then 
in  the  steady  state,  the  total  number  of  bubbles  in  the  foam  column 
is  n2,  as  we  assume  that  all  bubbles  older  than  2  sec  burst  and  give 
their  air  content  to  the  outside.  If  the  mean  volume  of  a  single  bubble 

’ the  volume  of  air  transformed  into  foam  in  the  unit  time  is  nvo  and 
the  foam  volume  is  nvo 2.  But  nvo  =  V/t  and  na02  =  thus  giving 
equation  (8).  This  derivation  disregards  rupture  of  film  which  does  not 
result  in  liberation  of  air  and  also  the  volume  of  the  liquid  in  the 


Section  23.  When  the  2  of  a  solution  is  so  large  that  unwieldy 

the^teady^tate  h'r  ^  >  conti"llil«  the  experiment  until 

ie  steady  state  is  leached,  an  estimation  of  the  foaminess  is  achieved 

by  comparing  the  rate  of  rise  of  foam  with  the  ™tp  nf  * 

gas.  If  foam  lamellae  are  infinitely  stable,  the  rate  dv/dt  oMhe11’0 

erea.  of  the  foam  volume  is  equal  to  thlt,  dy/d ,  ^th e  air  flow 

If  the  average  persistence  of  a  bubble  is  2  sec,  the  equation 


dv  dV 


v 
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seems  to  be  a  promising  approximation.  In  steady  state,  dv/dt  =  0, 
and  equation  (9)  is  reduced  to  equation  (8)  as  dV/dt  =  V/t  as  long 
as  the  air  current  has  constant  velocity.  It  is  clear  from  equation  (9) 
that,  as  long  as  persistence  2  is  great,  dV/dt  is  practically  equal  to 
dv/dt  independently  of  the  exact  value  of  2.  Thus,  the  rate  dv/dt 
cannot  be  used  as  a  measure  of  foaminess  if  2  is  too  long.  The  use  of 
dv/dt  for  determination  of  foaminess  in  these  instances  has  been 
criticized  long  ago  (see,  e.g.,  ref.  29)  but  is  not  yet  quite  abandoned 
(see  ref.  30). 

Instead  of  equation  (9)  Aleinikov22  used  the  following  formula 
for  Ud,  the  “average  rate  of  dynamic  coagulation”:  Ud  =  (V  —  v)/t. 
If  of  the  air  volume  V  introduced,  only  the  volume  v  remained  in  the 
foam,  then  the  volume  V  —  v  has  escaped  (“coagulated”);  as  this 
happened  during  t  sec,  the  above  expression  for  Ud  results.  In  experi¬ 
ments  on  0.0044/  aqueous  p-toluidine  solution,  when  t  was  4,  8, 
15.2,  and  26.3  sec  and  v  was  50,  90,  150,  and  210  cm3,  Ud  was  10.9, 
5.5,  9.2,  and  ,11.4  cm3/sec,  respectively.  The  volume  V  should  be 
measured  at,  or  recalculated  to,  the  atmospheric  pressure  rather  than 
at  the  higher  pressure  used  to  force  the  air  through  the  porous  mem¬ 
brane.  The  “average  rate  of  static  coagulation”  is  defined  in  section 
30.  A  comparison  of  dv/dt  and  dV/dt  for  some  frothers  used  in  fire¬ 
fighting  has  been  published  by  Clark31. 


29  i 

Section  24.  The  foam  number  was  defined  by  Lederer"  as  the 
volume  of  liquid  transferred  into  foam  by  unit  volume  of  gas.  Hence, 
it  really  is  a  number  (dimensionless).  It  is  also  possible  to  correlate 
the  volume  vt  of  liquid  in  the  foam  with  the  amount  m  of  solute 
present  in  the  liquid32' 33,  i.e.,  to  express  the  foaming  capacity  as 
vi/m.  These  magnitudes  may  be  expected  to  depend  on  the  rate  of 
gas  flow,  the  apparatus  dimensions,  and  the  amount  of  liquid  used, 
but  no  relevant  experiments  could  be  found  in  the  literatuie. 


Section  25.  Foam  can  be  produced  by  various  kinds  of  agitation. 
Shaking  is  presumably  the  oldest  and  the  easiest  kind.  As  it  is  gen¬ 
erally  carried  out  in  closed  vessels,  the  disturbance  due  to  evaporation 
is  minimized.  The  height  (or  volume)  of  the  foam  column  produced 
by  shaking  depends  on  the  details  of  the  movement  imparted  to  the 
liquid  on  the  duration  of  shaking,  on  the  apparatus  dimensions, 
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and  so  on.  Not  many  observations  concerning  these  relations  have 
been  published. 

Sasaki'4  could  at  will  produce  either  a  foam  layer  and  a  water-in¬ 
oil  emulsion  or  an  oil-in-water  emulsion  without  any  foam  by  chang¬ 
ing  the  movement  from  swinging  to  up-and-down  jerks;  his  system 
consisted  of  2.33  cm3  acetic  acid,  3.79  cm3  ether,  and  3.88  cm3  water 
in  a  stoppered  test  tube. 

When  the  height  of  the  liquid  column  (10  per  cent  glue  solution)  in 
the  shaking  tube  rose  from  5  to  25  cm,  the  foam  height  H  rose  from 


F?°D“  »•  Dependence  of  foam  height  (after  shaking)  on  the  relative  volumes 
of  01%  gelatin  solution  (C),  water  (A),  and  air  (B).  The  numbers  represent 
i  *  J"‘ara  heights,  and  the  solid  lines  connect  systems  having  identical  foam 
heights.  From  Kolloidchem.  Beihefle,  31,  418  (1930). 


3  to  2.  cm;  it  increased  also  when  the  depth  of  the  liquid  layer  was 
increased  by  taking  a  narrower  tube  rather  than  a  greater  volume  of 
(‘quid  .  Dumanskn  shook  various  volumes  of  aqueous  gelatin 
solution  of  varying  concentrations  with  air  in  a  100  cm'  cylinder  and 

sUnres , hs  fn  7?  '  T  '7  V°'Ume  °f  “  «  ^ws 

ms  results  In  the  triangular  diagram,  A  is  pure  water  C  is  0  1  nnr 
cent  gelatin  solution,  and  B  is  air.  The  curves  are  dmwn  through 
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with  70  instead  of  145  cm3  of  air,  foam  height  was  increased  by  25 
per  cent  ;  in  this  instance,  however,  the  carbon  dioxide  of  the  air 
may  have  influenced  the  foaminess. 

If  all  the  factors  mentioned  in  the  first  paragraph  of  section  25  are 
kept  rigorously  constant,  reproducible  values  for  the  foam  volume 
can  be  obtained.  A  standardized  shaking  procedure  was  adopted, 
for  example,  by  the  British  Standards  Institution37*1. 

The  ’’pour  test“  is  closely  akin  to  shaking.  A  standard  volume 
(e.g.,  200  cm3)  of  solution  is  run  through  a  standard  funnel  into  a 
cylinder  containing  another  constant  volume  (e.g.,  50  cm3)  of  the 
same  solution,  and  the  volume  v  of  the  froth  formed  is  determined. 
This  volume  increases  with  the  height  from  which  the  liquid  fell38. 
For  example,  a  5  per  cent  solution  of  a  commercial  wetting  agent 
gave  v  equal  to  54,  42,  and  22,  respectively,  (arbitrary  units)  when 
the  drop  was  297,  202,  and  98  cm,  respectively.38  When  a  larger 
volume  was  run,  v  increased  roughly  proportional  to  it,  and  when 
the  volume  t>0  of  liquid  originally  present  in  the  cylinder  increased, 
v  first  increased  and  then  reached  a  value  independent  of  v0 .  As  would 
be  expected,  this  procedure  was  popular  for  testing  beer39.  However 
in  beer  the  major  part  of  the  gas  phase  in  the  froth  originates  from 
the  carbon  dioxide  dissolved  in  the  beer,  and  the  volume  of  liquid  in 
the  froth  column  is  a  linear  function  of  the  carbon  dioxide  content 
of  the  beer  samples  (see  section  00).  Instead  of  the  solution,  sand 
can  be  dropped  onto  the  liquid  surface;  this  method  also  has  been 
used  for  beer40. 

Mechanical  beating  and  whipping  have  been  repeatedly  applied. 
The  kind  of  beating  most  like  the  method  of  Schuster  and  Mischke 
is  moving  a  perforated  plate  up  and  down  through  the  liquid-aii 
interface.  It  is  said41  to  have  been  adopted  in  the  laboratories  of 
I.-G.  Farbenindustrie  in  1937  and  also  was  recommended  recently  . 
The  foam  volume  produced  by  it  depends  on  the  details  of  the  ex¬ 
perimental  procedure31.  Thus,  for  a  5  per  cent  commercial  protein 
solution,  the  volume  increased  with  the  frequency  of  oscillations, 
e.g.,  in  the  ratio  2:1  when  the  frequency  rose  from  2  to  4  sec  . 
When  the  amount  of  liquid  hit  by  the  perforated  plate  was  doubled 
the  foam  volume  increased  in  the  ratio  1.3:1;  this  ratio  depende 
also  on  the  concentration  of  the  solution.  When  oscillations  were 

maintained  for  a  longer  time,  the  final  foam  volume  was  greater;  it 

10  mm.  and 


was 


,  for  example,  8  (arbitrary  units)  after  beating  for 
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11  after  90  min.  In  the  experiments  by  Gotte41  this  final  volume 
reached  an  approximately  constant  value  when  the  duration  of  beat¬ 
ing  was  long  enough;  thus  in  0.5  g/1  solution  of  sodium  palmitate  at 
60°  the  foam  volume  after 


10  20  30  40  00  80  100  oscillations  was 

200  300  450  520  580  580  590  cm3. 


It  has  been  claimed4'  that  the  height  of  foam  produced  by  an 
oscillating  perforated  plate  is  better  reproducible  if  the  plate  remains 
immersed  in  the  liquid  and  thus  does  not  move  in  (and  damage)  the 
foam.  This  was  achieved  in  a  vessel  formed  like  a  bottle  upside  down. 
The  neck  of  this  “bottle”  contained  the  liquid,  and  the  perforated 
plate  never  rose  above  the  neck.  The  neck  diameter  (5.5  cm)  was 
about  one-half  that  of  the  main  part  of  the  vessel  (11.5  cm),  and  its 
volume  was  one-eighth  of  the  total  volume.  A  cylinder  of  wire  netting, 
5.0  cm  in  diameter,  was  fixed  around  the  axis  of  the  vessel;  thus  the 
froth  had  to  squeeze  through  the  meshes  before  reaching  the  major 
part  of  the  vessel  (see  section  6).  The  perforated  disc  had  the  di¬ 
mensions  specified  by  I.-G.  Farbenindustrie,  namely,  diameter  4.8 
cm,  30  holes  of  0.3  cm  each. 


Electrically  driven  beaters  and  whippers  of  the  household  type  are 
often  used,  especially  for  testing  the  foaming  capacity  of  systems 
familiar  in  households.  4  he  difficulty  of  obtaining  comparable  re¬ 
sults  with  these  instruments  may  be  illustrated  by  three  examples. 
One  type  of  beater  was  found  to  be  unsuitable  for  quantitative 
studies  of  the  foaming  power  of  egg  white  because  the  whipped  white, 
hy  virtue  of  its  stiffness,  soon  became  immobilized  around  the  beaters 
wi  h  the  result  that  the  blades  rotated  in  a  central  cavity44”  A  wire 
whippet-  eccentrically  situated  on  a  rotating  disc  gave  copious  foam. 
Presumably  both  beaters  would  prove  equally  efficient  in  a  system 
gn  mg  less  stiff  lamellae.  Henry  and  Barbour32  and  others  changed  the 
<  cnsitv  (see  section  63)  of  egg  white  foams  by  changing  the  speed 

::  “t rion of a kitchen ^ ^ r,™ 

y  foam  by  beating  aqueous  ethylene  glycol  although  identical 
solutions  gave  a  tall  and  rather  stable  froth  column  in  the  pneumatic 

T  udt  r  r  *1)-  As  the  t0taI  Volume  of  foam  present  in  the  bowl 

lank^s  •  easy  to  —• tha 

In  some  flotation  machines  air  is  blown  into  the  liquid  as  a  jet 
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and  then  broken  down  to  small  bubbles  by  stirrers  (see  section  7). 
The  overflow  of  foam  in  such  a  machine  has  been  used  as  measure 
of  the  foaminess  of  the  liquid46. 


Section  26.  As  mentioned  in  section  20,  formation  of  foam  by 
agitation  consists  of  two  distinct  processes,  namely  (a)  incorporation 
of  gas  in  liquid  and  (b)  rise  of  the  gas  surrounded  by  foam  lamellae 
in  and  above  the  liquid.  Only  the  second  process  is  directly  connected 
with  the  foaming  capacity  of  the  solution.  However,  the  amount 
(or  volume)  of  foam  formed  depends  also  on  process  (a),  as  the  foam 
volume  after  shaking  cannot  be  considerably  greater  than  the  volume 
of  gas  incorporated  during  shaking.  This  latter  volume  depends,  in 
addition  to  the  external  variables  (such  as  intensity  of  shaking,  volume 
of  the  vessel,  etc.),  on  some  internal  variables  to  which  viscosity  cer¬ 
tainly  and  surface  tension  probably  belong.  Presumably,  to  obtain 
comparable  results  with  two  very  different  liquids,  the  agitation 
should  be  performed  in  such  a  manner  that  the  Reynolds  number 
would  be  constant  rather  than  the  vessel  and  the  intensity  of  shaking. 
Reynolds  number  is  upd/ij,  u  being  a  velocity,  p  density,  d  a  length, 
and  r)  viscosity.  If,  for  example,  u  is  kept  constant  and  p  is  roughly 
identical  for  both  liquids,  d  should  be  proportional  to  77;  a  solution  in 
glycerol  should  be  shaken  in  a  tank  8  meters  across  to  obtain  con¬ 
ditions  analogous  to  shaking  aqueous  solutions  in  a  test  tube  1  cm 
in  diameter.  (Viscosity  of  glycerol  at  room  temperature  is  about  800 
times  that  of  water.)  No  experiments  of  this  kind  could  be  found  in 
the  literature. 


Section  27.  Foams  produced  by  boiling  can  be  measured  in  a 
manner  very  similar  to  that  employed  in  the  pneumatic  method 
(section  21).  The  liquid  to  be  tested  is  heated  in  a  vessel  (e.g.,  by 
immersed  heaters),  and  the  height  or  volume  of  the  foam  produced 
is  read  In  the  pneumatic  method  the  height  increases  with  the  rate 
of  injection  of  air;  analogously,  in  the  boiling  method,  it  increases 
with  the  amount  of  heat  supplied  in  unit  time  or  with  the  rate  of 
evaporation"-  When,  for  example,  the  “steam  upflow  rate  in¬ 
creased  from  2.5  to  6.1  cm/sec,  the  maximum  foam  height  increased 
from  5  to  62  cm;  no  mathematical  correlation  between  these  wo 
quantities  has  been  established*8.  For  comparing  different  solutions  a 
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constant  rate  of  rise  of  the  vapor  (e.g.,  7  cm/sec)  was  used49.  What¬ 


ever  the  conditions  determining  the  bubble  size  in  a  boiling  liquid 
small  bubbles  gave  rise  to  a  tall,  and  large  bubbles  to  a  low,  foam 
column;  when  a  coarse  foam  had  to  rise  through  a  fine  wire  screen,  the 
foam  height  increased49. 

Different  substances  can  be  compared  by  determining  those  con¬ 
centrations  of  their  solutions  which  gave  a  predetermined  height  of 
foam  on  boiling  in  a  standard  beaker50. 

A  correlation  between  the  foam  volumes  produced  by  bubbling  and 
by  boiling  would  be  expected  if  the  bubbling  is  conducted  at  a  tem¬ 
perature  almost  equal  to  that  of  boiling.  If  foaming  of  a  boiling  liquid 
is  compared  with  that  of  the  same  liquid  at  a  quite  different  (“room”) 
temperature,  large  discrepancies  are  likely  to  appear.  This  was  ob¬ 
served,  for  example,  by  Gunderson  and  Denman01:  impure  water 
which  did  not  foam  in  a  yard  locomotive  gave  foam  persisting  for 
over  3  weeks  on  shaking  in  a  bottle  in  the  laboratory. 

In  experiments  on  boiling,  the  carry-over  or  priming  is  often  deter¬ 
mined.  Carry-over  is  the  amount  of  liquid  which  reaches  the  con¬ 


denser  without  passing  through  the  vapor  state.  If  the  boiling  liquid 
(as  is  the  rule)  contains  dissolved  nonvolatile  substances,  their  con¬ 
centration  in  the  condensed  liquid  is  a  direct  measure  of  the  carry¬ 
over.  This  concentration  can  be  measured  in  any  conventional  man¬ 
ner,  but  it  gives  only  an  inexact  idea  of  the  extent  of  foaming,  as 
carry-over  can  be  caused  also  by  other  effects,  (see,  e.g.,  ref.  52) 
Durov  '  determined  the  amount  o, ,  which  distilled  in,  say,  5  min.  at  a 
constant  heat  input  and  a  constant  pressure,  and  then  lowered  the 
pressure  by,  say,  300  mm  Hr.  In  the  next  5  min.  the  amount  of  liquid 
m  the  receiver  increased  by  a, .  The  difference  a2  -  a,  was  the  carry¬ 
over  The  boiler  was  of  glass,  and  it  could  be  seen  that,  when  at  -  ' a , 

was  large  the  liquid  was  thrown  into  the  condenser  without  passing 
through  the  stage  of  foam.  K 


Section  28  By  whatever  method  the  foam  has  been  produced 
t  starts  to  collapse  as  soon  as  the  injection  of  gas  ceases  This  col- 

heh*tA°or thT  ^  "'ith  drail’age  (see  86011011  53)-  The 

height  /,  or  the  volume  v  of  the  foam  is  measured  at  once  after  the 

fn“mThe0n;°f  ‘be  “*■  “haki"g-  6t0-  and  theT  at  egula 
nten  als.  1  hen  h  or  v  is  plotted  as  a  function  of  time  t  or  the  relation 
between  „  and  1  is  expressed  by  an  equation  (.see,  e.g., 
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It  was  also  suggested05  to  determine  the  area  under  the  h  -  t  curve 
and  to  divide  it  by  the  original  height  K  (i.e.,  at  t  =  0);  the  resulting 
quantity  was  termed  the  average  lifetime  of  gas  in  the  foam  and 
represented  by  sign  Lg  . 

The  form  of  the  equation  connecting  v  and  t,  if  known,  would  be 
of  great  importance  for  the  elucidation  of  the  mechanism  of  rupture 
of  foam  bubbles.  For  the  sake  of  simplicity  assume  the  foam  to  be 
isotropic,  i.e.,  to  show  no  difference  between  top  and  bottom,  center 
and  periphery,  etc.  If  the  stability  of  the  bubble  does  not  depend 
on  its  age,  that  is,  if  a  fresh  bubble  is  as  likely  to  burst  as  an  aged 
one,  then  the  number  n  of  bubbles  will  decay  according  to  the  expo¬ 
nential  function  n  =  noe~mt,  n0  being  the  original  number  and  m 
a  constant.  If  the  bubble  is  most  likely  to  burst  when  it  is  2  sec  old, 
and  the  probability  of  bursting  decreases  at  greater  and  smaller  t 
according  to  the  normal  distribution  curve,  then 


n 


no 

a\/2ir 


exp.  [-«  -  S)2/2<r2l  dt, 


a  being  the  standard  deviation.  In  this  case,  n  as  function  of  t  would 
form  an  inverse  S-shaped  curve:  a  slow  decrease  as  long  as  the  few 
short-lived  bubbles  burst,  then  an  almost  linear  rapid  decrease  in¬ 
cluding  an  inflexion  point,  and  finally  another  slow  decrease  when 
the  few  remaining  oldsters  pass  away.  Other  hypotheses  concerning 
the  nature  of  bursting  will  lead  to  other  equations  between  n  and 
t  (see  also  Chapter  9). 

The  experimental  material  does  not  allow  any  decision  on  the 
probable  mechanism  of  rupture.  The  curves  shown  in  Lubman’s 
paper56  for  aqueous  solutions  of  isoamyl  alcohol,  a-napht  hylamine,  and 
m-cresol  are  not  sufficiently  explained  in  the  paper.  Often  the  rate 


of  collapse  of  Lubman’s  foams  decreased  in  time  during  an  experi¬ 
ment  and  reached  a  very  small  value  when  the  foam  column  still  was 
as  high  as  1  cm.  The  data  published  by  Smirnov  and  Bondarenko 
by  Sauer  and  Aldinger58,  by  Ostwald  and  Steiner59,  and  by  Kionka 
refer  to  liquids  of  imperfectly  known  chemical  compositions  (treated 
sulfite  liquor,  animal  glue,  humic  acid,  and  commercial  soap,  re¬ 
spectively).  As  an  example,  the  foam  volumes  of  the  best  and  the 
least  foaming  10  per  cent  glue  solution  were  84.0,  70.3,  and  <>4.0 
cm3  and  6.1,  5.0,  and  3.3  cm3  respectively,  1,  3,  and  5  min.  after 
shaking58.  Kionka’s  values  for  1  per  cent  soap  solutions  are  19.1, 
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18.8,  17.3,  12.1,  7.9,  and  3.9  cm  foam  height  after  5,  10,  15,  120,  210, 
and  300  min. 

Fig.  15  from  Brady  and  Ross''’,  curve  a,  shows  the  decay  of  foam 
of  a  2  per  cent  solution  of  CH3(CH2)4CH(CH3)CH2-OCOCH2- 
CH(S03Na)C0  0  CH2CH(CH3)(CH2)4CH3  in  triethanolamine  at 
100°,  while  curve  b  is  that  of  drainage.  In  their  experiments  on  lubri¬ 
cating  oils,  the  v  —  t  curve  of  a  foam  produced  by  shaking  had  the 
inverted  S-shape.  The  authors  did  not  correlate  it  with  probability 
but  rather  attributed  the  slow  collapse  during  the  initial  stage  to  the 
high  percentage  of  water  in  the  fresh  foam.  (This  explanation  is,  of 


Figure  15.  Decay  of  foam  of  2%  “Aerosol  <)T”  in  triethanolamine  at  100° 
bubbling  method:  (a)  gas  in  foam;  (b)  liquid  in  foam. 

course  wholly  consistent  with  the  probability  considerations)  A 
foam  of  the  same  oil,  obtained  by  bubbling,  decayed  linearly  with 

t  1  m  r\ 


Section  29.  Instead  of  the  whole  v  -  l  curve  many  experimenters 
determined  only  two  points  on  it,  i.e.,  they  measured  v  at  the  begin 
mng  ot  collapse  and,  .say,  10  min.  later25  or  noted  the  time  requfred 

Lubmln^Ale  t  r2*UC®d  V°  a  Sma"'  mOT<“  or  less  definite  volume 
nf  H™  f  ’  1A  l.",lkov  and  othere  took  the  moment  of  the  appearance 

to  the  wal  'of ‘the",! T0  V  ^  (“becau8e  bubbles  adjacent 

Wotxls8' td  IV  eXh,b“  great  stability”).  Robinson  and 

8  and  re'telbaum  waited  until  just  two  bubbles  remained 
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Other  authors  give  values  for  “the  time  of  collapse”  without  defining 
it  more  closely. 

It  is  clear  that  in  all  these  procedures  the  persistence  of  one  and 
only  one  bubble  is  determined  (see  also  section  19).  An  analogous 
method  would  be  to  estimate  the  death  rate  of  a  population  from  the 
age  of  the  oldest  (or  the  third-oldest)  inhabitant  who  died  last  year. 
The  ’’time  of  collapse”  will  be  particularly  misleading  if  the  foam  has 
been  produced  by  shaking.  The  time  of  collapse,  as  a  rule,  will  be 
longer  the  more  bubbles  there  aie  in  the  foam  (see  section  30),  just  as 
the  age  of  the  oldest  inhabitant  increases  the  more  numerous  the 
population  surveyed.  In  its  turn,  the  original  number  of  bubbles 
depends  on  the  viscosity  (and  probably  surface  tension)  of  the  solu¬ 
tion  (see  section  26).  Hence  the  time  of  collapse  of  a  viscous  liquid 
may  be  small  simply  because  the  “standard”  shaking  produced  but 
few  bubbles.  The  same  liquid  in  another  test  (e.g.,  of  the  persistence 
of  single  bubbles,  section  19)  would  appear  to  have  a  great  foaminess. 

Nakagaki63  determined  the  original  height  of  the  foam  column  after 
shaking  (//),  the  time  required  for  the  liquid  surface  to  appear  (k), 
and  the  time  required  for  disappearance  of  the  most  persistent  bubble 
(h  +  h).  When  the  composition  of  the  solution  (mixture  of  water, 
ethyl  alcohol,  and  glycerol)  was  varied,  H  and  6  changed  more  or  less 
in  the  same  direction,  but  the  variations  of  k  often  had  the  opposite 
sign.  In  these  experiments  the  lifetime  of  two  bubbles  was  determined. 


Section  30.  If  the  original  foam  volume  was  Vi  and  free  liquid 
surface  appeared  after  k  sec,  then  vx/k  is  the  “average  rate  of  static 
coagulation.”22  This  quantity  would  be  nearer  to  being  a  physical 
property  of  the  solut  ion  the  less  its  dependence  on  Vi .  Savitskaya  and 
Rebinder64  made  monodisperse  foams  by  collecting  bubbles  rising 
from  one  capillary.  For  such  foams  of  0.37  per  cent  solution  of  sodium 
6-butylnaphthalene-l -sulfonate,  vx/tx  was  independent  of  n  in  nearly 
saturated  vapor.  However,  k  depended  on  the  environment  in  which 
the  collapse  took  place  just  as  much  as  the  other  measures  of  sta¬ 
bility  (see  section  18).  A  12  cm  tall  foam  column  collapsed  within  / 
min  in  air,  62  min.  in  nearly  saturated  vapor,  and  282  min.  m  t  e 
absence  of  the  continuous  gas  phase.  The  last  mentioned  system  was 
achieved  by  releasing  air  bubbles  under  an  inverted  beaker  immeisec 
in  the  solution  and  equilibrated  with  a  weight.  The  froth  gradually 
displaced  the  liquid  from  the  beaker  and  was  thus  confined  between 
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the  bottom  part  of  the  beaker  and  the  surface  of  the  solution.  When 
froth  columns  of  equal  height  but  different  areas  (formed  in  vessels 
of  varying  diameters)  were  compared,  it  was  found  that  t\  little  de¬ 
pended  on  the  diameter  when  this  was  large  (over  4  cm)  but  was  4 
times  as  great  in  a  1  cm  wide  vessel.  The  t\  of  monodisperse  froth  of 
1  per  cent  sodium  dioctyl  sulfosuccinate,  in  an  open  space,  rapidly 
decreased  when  the  bubble  diameter  (2 It)  increased;  it  was  about 

I, 000  sec  when  2R  was  1  mm  and  about  20  sec  at  2 R  =  10  mm  (see 
also  section  19).  In  closed  space,  t\  but  little  depended  on  2R ;  it  was, 
for  example,  48  hours  at  2 R  =  0.04  mm  and  22  hours  at  2 R  =  10 
mm.  The  values  for  the  bubble  diameters  are  only  approximate  but 
the  great  difference  between  the  behaviors  in  open  and  closed  space 
will  not  be  obviated  by  the  error  thus  made. 

The  “rate  of  static  coagulation”  may  be  compared  with  the  “rate 
of  dynamic  coagulation”  as  defined  in  section  23.  For  the  four  foams 
of  0.0044/  p-toluidine  mentioned  there,  vx/U  was  3.1,  4.8,  8.2,  and 

II. 5  cm3/ sec,  respectively.  Thus  for  the  two  largest  foams  (of  150 
and  210  cm  ),  V\/t\  was  almost  equal  to  the  “rate  of  dynamic  coagula¬ 
tion.”  A  similar  approximate  agreement  was  observed  also  for  some 
other  solutions22. 


For  three  lubricating  oils,  Lg  (see  section  28)  was  (at  26°)  79,  104, 
and  27  min.,  respectively55.  For  the  same  oils,  2  (see  section  22)  was 
measured  and  found  to  be  (at  56°)  7,  10,  and  4  min.,  respectively. 
The  parallelism  between  the  two  magnitudes  is  unmistakable.  Fur¬ 
ther  work  on  this  relation  would  be  welcome. 

A  magnitude  akin  to  the  time  of  collapse  has  been  determined  by 
Hancock  3  for  foams  produced  by  boiling.  When  the  pressure  above  a 
boiling  liquid  is  suddenly  reduced,  the  foam  volume  rapidly  increases 
to  a  maximum  value.  Then,  when  the  boiler  is  closed  and  the  pressure 
in  it  is  gradually  built  up,  the  foam  shrinks  “to  its  original  thickness  » 
he  time  required  for  this  shrinkage  was,  for  example,  1.4  see  for 
‘  istilled  water  and  o  sec  for  a  (nonspecified)  soap  solution. 
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3.  RESULTS  OF  FOAMING  MEASURE¬ 
MENTS 


Section  31.  If  a  single  value  independent  of  the  apparatus  and 
method  used  could  he  established  for  the  foaminess  of  a  liquid  (at 
specified  temperature  and  other  external  parameters),  then  this  chap¬ 
ter  would  have  consisted  of  tables  such  as  are  given  in  more  fortunate 
books  for  surface  tension,  viscosity,  and  analogous  physical  quan¬ 
tities.  Compilation  of  such  tables  for  foaminess  is  impossible  in  the 
present  state  of  our  knowledge,  and  the  values  presented  below  may 
claim  validity  only  for  the  particular  instrument  and  the  particular 
procedure  employed. 

In  sections  32-42,  foaming  capacities  are  listed  according  to  the 
chemical  composition  of  the  frothing  liquid  and  some  rules  for  the 
relation  between  foaminess  and  composition  are  formulated.  From 
Chapter  9,  particularly  section  95,  it  will  be  clear  that,  these  rules 
cannot  have  a  quite  general  validity. 


Foaminess  and  Chemical  Composition 


Section  32.  Pure  liquids  do  not  foam  and  saturated  solutions 
foam,  if  at  all,  very  poorly.  This  rule  has  been  established  by  numerous 
observations,  and  many  instances  of  its  validity  can  be  found  below. 
Plateau’s  list1  of  liquids  whose  surfaces  do  not  stop  single  bubbles 
(see  section  19)  consists  of  pure  liquids  (water,  glycerol)  and  saturated 
aqueous  salt  solutions  (of  KNO3,  CaCk,  Na2C  O3,  etc.).  However,  the 
reliability  of  Plateau’s  results  suffers  because  he  had  no  means  of 
cleaning  his  surfaces;  the  weak  foaming  observed  by  him  in  glacial 
acetic  acid,  ethanol,  chloroform,  ether,  and  so  on  presumably  was 
caused  by  impurities. 

Foulk  and  Barkley2  performed  special  experiments  to  prove  the 
first,  naif,  of  the  above  rule.  They  used  the  instruments  illustrated  in 
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aqueous  liquids  water  seemed  to  be  the  chief  cause  of  foaminess,  and 
its  elimination  eliminated  foaming  as  well.  Benzene  and  n-heptane 
lost  their  film-forming  capacity  (or  almost  all  of  it)  after  distillation 
over  sodium,  methanol  after  distillation  over  magnesium,  and  ace¬ 
tone,  over  anhydrous  potassium  carbonate.  Nitrobenzene  and  ether 
did  not  foam  in  their  ordinary  state  of  purity  but  did  after  some 
water  (0.1  and  0.02  per  cent)  was  added. 

As  neither  pure  liquids  nor  saturated  solutions  foam,  a  maximum  of 
foaming  capacity  should  occur  at  some  medium  concentration.  Nu¬ 
merous  instances  of  this  behavior  are  presented  in  the  following. 


Section  33.  Inorganic  compounds  in  aqueous  solution.  Not  much 
information  is  available  on  foaminess  of  aqueous  solutions  of  inorganic 

[  able  3.  Persistence  (in  sec)  of  Single  Bubbles,  0.15  cm  in  Diameter 
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compounds.  Generally,  this  foaminess  is  quite  small  compared  with 
that  shown  by  aqueous  solutions  of  many  alcohols  and  organic  acids, 
bases  and  salts  A  half-inorganic  salt,  namely  ferric  acetate,  was 
listed  by  Plateau  as  strongly  foaming. 

The  lifetimes  of  single  bubbles  (section  19)  in  the  surface  of  some 
•salt  solutions  are  listed  in  Table  3  from  ref.  3.  If  these  solutions  are 
compared  at  equal  normalities,  the  persistence  seems  generally  to 
increase  from  KjSC'N  to  NaOH  <  KBr  <  KC1  <  KjFe(CN)s 
<  K*04  <  AlCla,  although  the  order  of  salts  varied  depending  on 
Kent  i  at  ion.  1  he  sequence  of  anions  (from  SCN  to  S04)  reminds 
one  of  the  lyotropic  series.  The  less  tendency  an  anion  has  to  increase 

Water’  the  *  in  the6 

suife,ohwl"  Cen,ra,li0n  °f  2'57  g/I' the  f0:™  heiSh‘s  of  boiling  sodium 
u  fate  sodium  carbonate,  and  sodium  hydroxide  solutions  for  tT 
rate  of  rise  equal  to  5.67  cm/sec  were  2  ^  in  9  ™tions,  tor  the 
tivelv4  tl„  f,  f  „  ’  ere  z.d,  10.2,  and  7.6  cm,  respee- 
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sium  hydroxide,  2.0  sec  for  potassium  chloride,  and  1.6  sec  for  potas¬ 
sium  nitrate5.  In  this  test  caustic  alkalis  appeared  to  be  better  frothers 
than  neutral  salts.  However,  the  possibility  should  be  borne  in  mind 
that  alkalis  formed  soap-like  compounds  with  some  impurities  in  the 
solvent. 

I  he  foaming  capacity  usually  increases  with  concentration,  as  long 
as  this  is  moderate.  This  can  be  deduced  from  Table  3  and  was  ob¬ 
served  also  for  foams  produced  by  boiling.  The  foam  height  above 
boiling  solutions  of  the  salt  mixture  sodium  sulfate  75  percent,  sodium 
hydroxide  12.5  per  cent,  sodium  carbonate  12.5  per  cent  (weight 
per  cents)  was  greater  the  greater  the  concentration  within  the 
range  1.7-5  per  cent  approximately,  but  was  nearly  independent  of 
concentration  above  this  range6.  In  boiling  sodium  chloride  solutions' 
the  foam  height  increased  up  to  4  per  cent  sodium  chloride,  became 
either  independent  of  concentration  or  passed  through  a  flat  maximum 
between  4  and  8  per  cent  sodium  chloride,  and  decreased  when  the 
concentration  was  pushed  to  15  per  cent.  The  time  of  collapse5  for 
boiling  1  per  cent  potassium  chloride  and  potassium  nitrate  solutions 
was  4.4  and  2.8  sec,  respectively,  i.e.,  about  J.7  times  that  of  0.2  per 
cent  solution. 

It  is  instructive  to  compare  the  absolute  data  for  sodium  hydroxide, 
the  only  substance  studied  by  three  different  methods.  For  0.2  per 
cent  solutions  the  time  of  collapse  at  boiling  temperature  was  5.8  sec 
and  the  persistence  of  single  bubbles  at  room  temperature  was  3.8 
sec,  while  for  0.257  per  cent  solution  the  ratio  h/u  (section  22)  at 
boiling  temperature  was  1.1  sec. 

If  a  solution  contains  more  than  one  inorganic  solute,  its  foaming 
capacity  is  no  simple  function  of  the  foaming  capacities  of  the  con¬ 
stituents.  Durov8  published  a  triangular  diagram  showing  the  carry¬ 
over  in  the  system  sodium  carbonate,  magnesium  chloride,  calcium 
chloride  (and  water);  it  is  reproduced  in  ref.  9,  p.  102.  An  analogous 
diagram  for  foam  height  above  boiling  liquids  is  given  here  as  Fig.  16 
from  Leaf4.  The  figures  must  be  multiplied  by  2.54  to  obtain  foam 
heights  in  cm  and  by  0.373  to  obtain  the  ratio  h/u  in  sec.  All  solutions 

contained  2.57  g  solid  substance  in  liter. 

Fesenko83  measured  the  carry-over  of  boiling  solutions  in  an  iron 
flask.  Each  solution  contained  three  dissolved  electrolytes,  namely 
sodium  hydroxide,  sodium  carbonate,  and  sodium  chloride,  or  sodium 
hydroxide,  sodium  carbonate,  and  sodium  sulfate.  The  total  concen¬ 
tration  varied  between  0  and  120  milliequivalents/liter.  In  both 
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systems  the  carry-over  increased  with  the  total  concentration.  In 
the  first  system  it  was  particularly  great  when  the  mole  fraction  of 
sodium  chloride,  and  in  the  second  when  the  mole  fraction  of  sodium 
carbonate  was  small. 

The  foaminess  of  sea  water  usually  is  not  due  to  its  salt  content  but 
rather  to  organic  impurities  (see  section  1 10).  Thus  “artificial  sea 


10  20  30  40  50  60  70  80  90  N°°H 

Figure  16  Foam  height  above  boiling  solutions  (2.57  g/1)  of  sodium  sulfate 
sodium  carbonate,  and  sodium  hydroxide.  Numbers  outside:  weight  per  cents 
o  the  components  Numbers  inside:  foam  heights  in  inches.  From  Am  Ry 
Eng.  Assoc.,  45,  Bull.  441,  58  (1943).  ' 

Water  ’  l  e-’  an  a(lueous  solution  (in  the  right  concentration)  of  the 
mam  salts  present  in  the  ocean,  had  a  smaller  foam  height  after 
shaking  than  natural  ocean  water  which  gave  a  foam  almost  as 
voluminous  as  0.8 M  acetic  acid8b.  ah 


in  S°ffS  °f  “s-  The  Persistence  of  foam 
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and  the  method  of  measurement.  Table  4  summarizes  the  main  data 
available  for  the  position  of  these  maxima.  The  persistence  of  single 
bubbles  (section  19),  the  time  of  collapse  of  froth  after  shaking 
(usually  the  time  required  for  the  liquid  surface  to  appear  (see 
section  29),  and  the  ratio  h/u  (section  22)  in  the  pneumatic  method 
are  listed  in  separate  columns.  They  all  are  expressed  in  seconds.  The 
last  column  brings  additional  references  to  papers  containing  ex¬ 
perimental  results  on  the  foaming  capacity  of  the  particular  alcohols. 
The  concentrations  cannot  be  given  in  consistent  units  throughout  as 
no  densities  have  been  determined  by  the  authors.  However,  the 
three  units  used  (per  cent  weight  to  weight,  per  cent  weight  to  volume, 
and  per  cent  volume  to  volume)  do  not  differ  by  more  than  20  per 
cent,  while  the  table  shows  that  the  differences  between  the  results 
of  different  authors  were  much  greater  than  this.  Undoubtedly  these 
discrepancies  are  due  not  only  to  the  absence  of  standardized  methods 
of  measurement  but  also  to  the  variable  purity  of  the  alcohols  used. 


It  is  hoped  that  more  attention  will  be  paid  to  this  factor  in  future. 
In  recalculating  the  values  found  by  Gibb  and  Htin'“  it  was  assumed 
that  the  “height  of  froth”  of  the  original  includes  the  liquid  layer  as 
well. 

In  spite  of  the  disheartening  inconsistency  of  the  data,  table  4 
allows  some  conclusions  to  be  made.  1  he  maximum  persistence  in¬ 
creases  with  the  molecular  weight  up  to  (  »  or  (  «  and  then  decreases 
again.  The  reason  for  this  decrease  is  discussed  in  section  42  together 
with  the  reason  for  the  maximum  of  foaminess  at  a  medium  concen¬ 
tration.  The  concentration  (in  volume  per  cent,  in  weight  per  cent, 
or  also  in  molarities)  corresponding  to  this  maximum  is  smaller  the 
greater  the  molecular  weight.  If  n  is  the  number  of  carbon  atoms  in  the 
alcohol,  this  concentration  (per  cent  v/v)  is  said  to  be  abn,  a  and  b 

being  constants10.  ,  .  ., 

Three  isomeric  amyl  alcohols  (not  specially  purified)  had  similar 

times  of  collapse  10.  However,  in  Bartsch’s  experiments  the  maximum 
time  of  collapse  of  isoamyl  alcohol  (17  sec)  was  significantly  grea  ei 
than  that  of  tertiary  amyl  alcohol  (1.1-dimethylpropanol)  (10  sec). 

For  cetyl  alcohol,  see  section  41. 

Fig.  17  illustrates  the  concentration  dependence  of  the  foaminess  of 
aqueous  alcohol  solutions.  It  combines  data  of  Rehmder  and  ™- 
strem'7  for  isoamvl  alcohol  (single  bubbles  Irom  an  orifice  0.051  cm 
in  diameter,  open  vessel)  with  those  of  I.ubman  (also  for 
alcohol  but  using  the  time  of  collapse  after  shakmg)  and  those 
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Sasaki1"  (for  w-butyl  alcohol  and  the  pneumatic  method).  The  two 
curves  lor  isoamyl  alcohol  are  similar.  Quantitative  agreement  of  the 
two  sets  of  persistence  values  cannot  be  expected,  as  the  magnitudes 
measured  were  different,  the  bubble  size  was  not  controlled,  the 
rates  ol  evaporation  differed,  and  so  on.  No  theory  accounting  in 
detail  for  the  shape  of  the  persistence-concentration  curves  could  be 
found  in  the  literature,  except  for  the  paper  bv  Nakagaki21  who 


Figure  17.  Foam  persistence  of  3-methylbutanol  and  1-butanol  solutions  as  a 
function  of  concentration.  Data  of  Rebinder  and  Venstrem17,  Lubman18,  and 
Sasaki15. 


pointed  out  the  similarity  between  these  curves  and  the  concentration 
dependence  of  the  energy  required  to  remove  unit  area  of  adsorption 
layer  from  the  surface  of  the  solution;  unfortunately,  calculation  ol 
this  energy  is  not  possible  without  some  uncertain  assumptions. 

Solutions  of  two  alcohols  in  water  have  been  little  studied.  Naka¬ 
gaki11  published  triangular  diagrams  for  the  height  and  time  of  col¬ 
lapse  of  foams  produced  by  shaking  water-ethanol-methanol  mixtures 

Electrolytes  slightly  reduce  the  time  of  collapse  of  isoamyl  alcohol 
foams.  The  range  of  the  electrolyte  concentration  within  which  this 
reduction  is  most  marked  depends  above  all  on  the  valency  of  the 
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cation.  Thus  it  is  0.001  to  O.OliV  for  sodium  chloride  anti  potassium 
thiocyanate,  0.0008  to  0.01 2N  for  sodium  sulfate,  and  0.0018  to 
0.003A  for  sodium  citrate,  while  the  values  for  bivalent  cations 
(barium  chloride  and  magnesium  sulfate  have  been  tested)  were 
between  0.000015  and  0.0005 A,  and  the  values  for  aluminum  chloride 
and  ferric  chloride  one-hundredth  of  those  for  magnesium  sulfate  and 
barium  chloride.  Further  increase  of  the  electrolyte  concentration 
caused  no  additional  acceleration  of  the  foam  collapse14. 


Section  35.  Aqueous  solutions  of  other  hydroxy  compounds.  The 
persistence  of  air  in  foam  (i.e.,  h/u,  section  22)  and  the  time  t  of  col¬ 
lapse  after  bubbling  depend  on  the  concentration  of  aqueous  solutions 
ol  glycol  in  a  similar  manner  .  With  glycol  which  was  not  specially 
purified  both  had  maxima  in  the  mixture  of  glycol  30,  water  70  weight 
per  cent;  t  was  approximately  25  sec.  After  the  glycol  was  purified, 
the  maximum  moved  to  5  per  cent  glycol  solutions,  and  both  h/u  and 
t  somewhat  decreased.  In  Bartsch’s  experiments14  the  greatest  t  was 

1.5  sec  and  observed  in  6 M  solution  (containing  37  g  glycol  in  100  cm3 
solution). 

In  the  system  water-glycerol  the  time  of  collapse  (not  exactly 
defined)  had  a  maximum  (3  sec)  again  in  6 M  solution  (i.e.,  at  55  g 
glycerol  m  100  cm  solution)14.  The  time  U  for  the  liquid  surface  to 

sectlon  29  ^  ha(1  a  maximum  (7  sec)  at  15  per  cent  w/w 
w  hue  the  lifetime  of  the  most  persistent  bubble  (fi  +  t2 )  had  a  sub¬ 
ordinate  maximum  (14  sec)  at  t  he  same  concentration  but  also  a  much 
taller  maximum  (128  sec)  in  88  per  cent  glycerol23. 

According  to  Bartsch14  both  phenol  and  benzyl  alcohol  have  a 
"zyl  llcoho?'^  ™  12  860  for  «  10  sec 

°f  the,time  * 

sintered  giass  late  ^ 

th  r  I  1  to  dust  and  to  evaporation.  In  the  other  two14’  18 

the  foam  was  produced  bv  shatim,  ;  •  ,  ,  two 

demonstrates  the  striking  diffetJc’e  l^lls  ZLUV 

T'T  Va'T  °f  the  PerSiStenW  ^  * 


Time  of  Collapse  (Seconds) 
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25  cm3  solution  and  about  25  cm3  air).  However,  the  presence  of 
definite  maxima  on  the  curves  obtained  in  closed  vessels  and  the 
absence  of  a  sharp  maximum  in  an  open  vessel  may  be  due  to  evapora¬ 
tion  (see  section  19). 

In  an  open  vessel  the  time  of  collapse  of  o-cresol  foam  seems  to  have 


Figure  18.  Time  of  collapse  of  m-cresol  solutions  as  a  function  of  concentra¬ 
tion.  Data  of  Bartsch14,  Lubman18,  and  Aleinikov19. 


Table  5.  Effect  of  NaOH  on  the  Time  of  Collapse 
of  0.1 1M  m-CRESOL  Solutions 


0 

88 


0.04 

108 


0.08 

108 


0.39 

22 

19 


3.9 

6 


Mol.  ratio,  NaOH:cresol 
Time  of  collapse,  sec. 

a  poorly  marked  maximum  (20  sec)  in  0.016M  solution".  The  time 
of  collapse  of  p-cresol  foams  was  independent  of  concentration  (22 
26  sec)  between  0.003  and  0.05A/  but  reached  32  sec  in  0.1821/  solution. 

The  cresols  are  ionized  in  aqueous  solutions,  and  their  foaminess 
depends  on  acidity  or  alkalinity18.  Hydrochloric  acid  accelerated  the 
collapse  of  foams  after  shaking.  The  effect  of  sodium  hydrox.de  is 
illustrated  in  Table  5.  It  is  seen  that  small  additions  of  alkali  laise  a 

large  additions  depress  the  foaming  capacity. 

Qualitative  observations  on  foam  stability  of  0.05  per  cent  solutions 


RESULTS  OF  FOAMING  MEASUREMENTS 


59 


of  chlorinated  phenols  have  been  published  by  Haefele  .  "Stable 
foams”  were  obtained  with  pentachlorophenol  between  pH  1.5  and  5 
and  between  8  and  9.5,  for  2,4,5-trichlorophenol  at  pH  7  and  8,  for 
2,3,4,6-tetrachlorophenol  at  pH  9  and  10,  etc. 

Mixed  aqueous  solutions  of  glycerol  and  ethanol  have  been  investi¬ 
gated  by  Nakagaki‘M.  Fig.  19  shows  the  height  (in  cm)  of  the  foam  after 
a  standard  shaking.  W  is  water,  G  is  glycerol,  and  E  is  ethanol.  The 
composition  is  bv  weight  .  The  three  maxima  occurring  in  the  system 


w 


Figure  19  Foam  height  of  water-ethanol-glycerol  mixtures  after  a  standard 
S  la  xng.  water,  K  -  ethanol,  G  =  glycerol.  Figures:  foam  heights  in  cm 
There  are  maxima  at  A,  B,  and  B\  From  Bull.  Chem.  Soc.  Japan ,  21,  30  (1948). 

are  shown  by  letters,  A,  B  and  B' .  PQ  is  the  line  corresponding  to  45 
per  cent  ethanol;  it  is  drawn  on  this  and  the  two  following  figures  to 
facilitate  the  comparison  of  the  compositions  of  the  maxima  A.  Fig. 

H  rePre&ents  the  tlme  h  sec  (see  above,  this  section),  and  Fig.  21  the 
e  t2  sec  in  the  same  ternary  system.  All  three  figures  are  similar 
m  the  ethanol -rich  region,  but  in  the  mixtures  containing  little  ethanol 
there  .s  more  scanty  between  foam  height  and  «,  than  be  “ 


Section  36.  Aqueous  solutions  of  fattu  acids  Th»  f ^  • 
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Figure  20.  The  time  until  liquid  surface  appears  in  foams  (produced  by  shak¬ 
ing)  of  water-ethanol-glycerol  mixtures.  See  Figure  19. 


w 


Figure  21  The  time  between  the  appearance  of  liquid  surface  and  the  collapse 
of  the  last  bubble  in  foams  (produced  by  shaking)  of  water-ethanol -glycerol 
mixtures.  There  are  maxima  at  A,  B,  and  C.  See  higure  9. 


RESULTS  OF  FOAMING  MEASUREMENTS 


61 


similar  to  that  of  alcohols  (see  section  34).  Table  6  summarizes  the 
longest  persistences  in  each  system  studied  and  the  concentrations 
at  which  these  maxima  were  observed. 

The  dependence  of  the  maximum  lifetimes  on  molecular  weight 
is  less  clearly  marked  than  in  the  alcohol  series,  but  the  tendency  of 
the  corresponding  concentrations  to  decrease  when  the  molecular 
weight  increases  is  unmistakable.  When  considering  these  conclu¬ 
sions  and  generally  the  values  listed  in  Table  6,  it  should  be  remem¬ 
bered  that  the  foaminess  of  acids  is  likely  to  be  sensitive  to  the 


Table  6.  Maximum  Persistence  of  Foam  of  Aqueous  Solutions  of  Fatty 
Acids  and  the  Concentration  Corresponding  to  This  Maximum 


Acid 

Formic 

Acetic 

Propionic 

Butyric 

Valeric 

Hexanoic 

Ileptanoic 

Octanoic 

Nonanoic 


Time  of  Collapse  after 


Shaking 

Ref. 

Pneumatic  h/u 

Ref 

4  sec ;  2.1 

%  w/v 

14 

2.9  sec;  5.8  %  w/v 

15 

14.7  sec;  8.75  %  w/w 

12 

11  sec;  15 

%  v/v 

25 

3.4  sec;  4.9  %  w/v 

15 

8  sec ;  1.2 

%  w/v 

14 

21.8  sec;  2.5  %  w/w 

12 

1 1  sec ;  1.9 

%  w/v 

14 

26.4  sec;  3.5  %  w/w 

12 

1 8  sec ;  8.8 

%  w/v 

14 

31 . 2  sec ;  2.5  %  w/w 

12 

9  sec;  0.15 

%  w/v 

14 

29.7  sec;  1  %  w/w 

12 

13  sec;  0.087  %  w/v 

14 

37.0  sec;  0.035%  w/w 

12 

Single  Bubbles 

16  sec;  0.019  %  w/v 

14 

19  sec;  0.18  %  w/w* 

3 

85  sec;  0.11 

%  w/w 

26 

12  sec;  0.0086%  w/v 

14 

23  sec;  0.05  %  w/w* 

3 

5  sec;  0.0010%  w/v 

14 

*  These  concentrations  are  calculated  assuming  the  solubilities  of  heptanoic 
and  octanoic  acids  to  be  0.22%  and  0.062%  respectively. 


ca  ions  present  in  water  and  that  some  inconsistencies  of  the  table 
may  be  due  to  differences  between  the  water  specimens  used  The 
precision  of  t  he  experiments  does  not  seem  to  warrant  a  comparison 
between  the  persistences  of  alcohols  and  acids. 

1 .0A^  solution!  haf‘  8  maXim,'m  °f  the  time  0f  C0llap5e  (7'5  sec>  “ 

'°  Unim°lecular  of  h«her  fatty  acids, 
Pi  99  '  the  foammess  of  soaps,  see  section  38. 

g.  22  illustrates  the  concentration  dependence  of  the  uf-r  r 
S.ngle  bubbles  (apparently  of  approximately  0  ^ 


Persistence  of  Single  Bubbles  (Seconds) 
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Section  37.  Aqueous  solutions  of  miscellaneous  organic  substances. 
Maxima  of  the  time  of  collapse  after  shaking  and  of  the  lifetime  of 
single  bubbles  (marked  by  an  asterisk)  have  been  determined  for  the 

following  systems: 


Sucrose14 

Acetone14 . 

2-Pentanone14 . 

Acetaldoxime14 

Paraldehyde14 

Ethyl  acetate14 

Nitrobenzene14 

Ethyl  amine 14 

Aniline14 

p-Toluidine14. 

a-Naphthylamine18 


0.5 M  solution, 
0.5M, 

0.05M, 

0.37  M, 

0.03  M, 

0.01  M, 

.0.005 M, 

0AM, 

0  AM, 

0.24  M, 

0.04  M, 

0.0017  M, 


0.5  sec 
2.5  sec 
3  sec 

10  sec 
9  sec 
2.5  sec 
6  sec 

12  sec 

1 1  sec ; 

19  sec  (*,  ref.  3) 
6  sec 

18  sec 
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Some  data  for  the  time  of  collapse  after  bubbling  air  through  so¬ 
lutions  of  p-toluidine,  methylaniline,  and  dimethylaniline  can  be 
found  in  ref.  19.  The  time  of  collapse  after  shaking  0.0003  and  0.000(1 
per  cent  solutions  of  methyl  salicylate  was  2  and  1  sec,  respectively  . 


Section  38.  Aqueous  solutions  of  soaps.  Aqueous  solutions  of  the 
sodium  salts  of  the  fatty  acids  containing  less  than  12  carbon  atoms 
do  not  give  the  typical  stable  lather  of  the  soaps  having  a  longer 
chain  (see,  e.g.,  ref.  28).  The  foam  persistence  of  the  latter  soaps  is 
such  that  the  methods  best  suited  for  evanescent  foams  (see  sections 
34-37)  would  be  too  time-consuming.  The  two  methods  used  by 
Plateau,  namely,  observations  on  single  films  and  single  bubbles, 
seem  most  promising  although  they  also  may  involve  an  inconven¬ 
iently  long  waiting;  some  soap  films  in  closed  vessels  have  been  kept 
for  months  (see  section  39).  Plateau’s  methods  were  applied  by  him  to 
solutions  of  commercial  soaps  (usually  containing  also  glycerol)  but 
they  have  been  little  employed  for  studying  individual  salts. 

A  3.7  per  cent  sodium  laurate  solution,  pH  8.6,  gave  films  which 
persisted  for  120  to  400  sec  when  the  diameter  was  1.0  cm  and  for  13 
to  32  sec  when  the  diameter  was  3.5  cm"u.  The  most  persistent  bubble 
among  an  indefinite  number  of  these  (see  section  19)  produced  on  the 
surface  of  a  0.1  per  cent  sodium  laurate  solution,  pH  7.6,  had  the 
lifetime  of  61  sec;  at  pH  8.6  the  greatest  lifetime  was  150  sec28. 


Fig.  23  shows  the  effect  of  concentration  of  sodium  laurate  on  the 
foaming  capacity  determined  in  three  different  ways30.  It  is  seen  from 
curve  1  that  the  persistence  of  single  bubbles,  whose  diameter  was 
about  1  cm,  had  a  maximum  (about  350  sec)  in  0.02AT  solution  (i.e., 
0.44  per  cent).  The  time  (curve  2)  for  the  foam  produced  by  pouring 
to  subside  to  one-half  the  original  volume  also  exhibited  a  maximum 
(whose  absolute  value  was  much  greater  than  the  average  persistence 
ot  a  single  bubble),  but  at  a  higher  concentration.  However  the  original 
vo  ume  of  foam  produced  by  pouring  (see  section  25)  was  almost  con¬ 
stant  between  0.01  and  0.06.Y  concentrations  (curve  3) 

The  swimm  laurate  solutions  used  by  Burcik  manifested  a  shallow 

s“  temeT  h'"  Tk  te"S10n  7  near  the  conce»trati°»  of  maximum  per- 
astence.  It  should  be  mentioned  that  low  7  may  cause  too  high  results 

the  measurement  of  the  persistence  of  single  bubbles  When  the 

iiufngrfmmSitUTs  f0r  fl,fTt'r«lt  “»“«««,  the  diameter  of  the  bubble 
g  k  smaller  the  smaller  y  (see  section  3).  When  the 
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diameter  of  a  bubble  is  less,  its  persistence  increases  (see  section  19). 
Hence,  at  a  constant  orifice  and  a  constant  “true”  stability,  the 
measured  lifetime  is  likely  to  be  greater  at  small  7.  However  this 
effect  alone  would  not  account  for  Burcik’s  results. 

I  he  insensitiveness  of  the  initial  volume  of  foam  produced  by  pour¬ 
ing  to  concentration  changes  follows  also  from  t  he  earlier  work  by  Miles 


1.  2.  3. 


Figure  23.  Stability  of  sodium  laurate  foams  as  a  function  of  concentration. 
20.0°C.  From  J .  Colloid  Sci.,  5  ,  421  (1950). 


and  Ross31.  There  was  an  increase  of  only  about  10  per  cent  in  this 
volume  when  the  concentration  of  sodium  myristate  or  sodium  oleate 
increased  from  0.1  to  0.4  per  cent.  (In  these  experiments  the  pH  of 
each  solution  was  adjusted  to  give  the  greatest-  possible  foam  volume.) 
Perhaps,  when  the  lifetime  of  foam  films  is  long,  the  initial  volume  ol 
foam  in  “pour  test”  is  determined  by  the  ease  of  incorporating  gas 
in  liquid,  i.e.,  a  process  not  directly  connected  with  foaming  capacity 

(see  section  26).  .  , 

When  foam  is  formed  by  up-and-down  movement  of  a  perforated 
plate  (section  25)  its  volume  increases  with  the  soap  concentration 
but  the  increase  is  small  at  higher  concentrations  lhus  the  foam 
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volumes  of  0.1  and  0.4  per  cent  sodium  palmitate  solutions  were  in 
the  ratio  29:30,  and  the  same  ratio  was  observed  for  sodium  oleate. 
Presumably  in  this  instance  again  the  volume  of  air  which  can  be 
incorporated  limits  the  foam  volume.  The  time  of  collapse  (h)  to 
one-half  the  initial  volume  generally  increased  with  concentration  but 
there  were  also  exceptions.  Thus  the  initial  foam  volume  of  0.8  per 
cent  sodium  palmitate  was  by  5  per  cent  greater  than  that  of  0.2  per 
cent  sodium  palmitate,  but  its  h  was  10  min.  as  against  50  min.  for 
the  0.2  per  cent  solution. 

The  volume  of  foam  made  by  shaking  in  a  separatory  funnel  had  a 
maximum  value  at  some  medium  concentration  of  potassium  oleate, 
sodium  oleate,  potassium  laurate,  and  potassium  myristate33. 

Fig.  24  represents  the  height  of  foam,  produced  by  pouring,  of  0.1 
per  cent  soap  solutions  at  57°  and  different  pH  values31.  The  pH  of 
the  most  voluminous  foam  increased  from  sodium  decanoate  to  sodium 
palmitate.  A  change  by  two  pH  units  was  sufficient  to  lower  or  to  in¬ 
crease  the  foam  height  severalfold.  Evidently  the  foaming  capacity 
ol  free  tatty  acids  and  “acid  soaps”  is  small  compared  to  that  of 
“neutral  soaps.” 

Fig.  24  refers  to  a  temperature  high  enough  to  have  the  soap  in 
solution.  0.1  per  cent  solutions  of  sodium  myristate  and  sodium 
palmitate  contain,  at  25°,  fine  precipitate  which  seems  to  stabilize  the 

foam.  The  most  persistent  bubble  on  these  solutions  had  a  lifetime  of 
about  150  sec28. 


The  increase  of  foam  height  with  molecular  weight  seen  in  Fig.  24 

is  not  always  observed.  In  Gotte’s  experiments32  palmitate  solutions 
gave  more  copious  foams  than  stearntp  ...  •  i  A 
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bubbles  lasted  up  to  49  sec  in  0.1  per  cent  solution28.  A  much  greater 
(average!)  persistence  was  observed  earlier17,  namely,  23  and  4.5 
min.  for  0.1  cm  and  0.45  cm  large  bubbles  on  a  0.15  per  cent  (0.005M) 
solution.  The  difference  presumably  is  due  to  the  different  conditions 


Figure  24.  Foam  heights  (after  pouring)  of  0.10%  solutions  of  sodium  salts 
of  saturated  fatty  acids  as  a  function  of  pH  at  57°C.  From  J.  Phys.  (  hem.,  48, 
280  (1944). 


of  evaporation:  in  the  experiments  by  Merrill  and  Moffett  a  current 
of  dry  air  passed  over  the  surface  covered  by  the  bubbles.  Johlin 
determined  the  stability  of  sodium  oleate  foams  by  a  method  not 
specified  and  found  that  it  was  maximal  in  0.00 19.¥  solution  at  which 
concentration  his  sample  showed  also  minimum  of  surface  tension 
Some  values  for  sodium  linoleate  and  sodium  ricinoleate  can  be 
found  in  ref.  28,  values  for  sodium  ricinoleate  and  sodium  elaidate  m 
ref.  31,  and  those  for  sodium  ricinoleate  in  ref.  34. 
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Mixtures  of  two  soaps  (sodium  laurate  and  sodium  palmitate)  may 
give  a  greater  foam  volume  in  a  “pour  test”  than  each  of  the  pure 
soaps  alone'*1.  Because  of  the  great  sensitivity  of  the  foaminess  of 
soap  to  the  acidity  of  the  solution,  the  second  soap  may  affect  the  foam 
volume  because  of  its  effect  on  the  pH  rather  than  because  of  its 
particular  molecular  properties'* n\  Thus  0.1  per  cent  sodium  oleate 
solutions  had  greatest  foam  volume  (after  shaking)  when  their  pH 
was  confined  between  9  and  10;  at  pH  7.5  this  volume  was  negligibly 
small.  When  one  part  of  commercial  sodium  ricinoleate  was  added  to 
one  part  of  sodium  oleate  (experimentally,  5  cm*  of  2  per  cent  ricin¬ 
oleate  of  pH  6.7  were  mixed  with  100  cm3  of  0.1  per  cent  oleate), 
the  volume  and  duration  of  foam  decreased  by  about  one-half,  and 
pH  was  lowered  from  8.3  to  7.7s  If  the  ricinoleate  solution  was  first 
made  alkaline  (to  pH  8.4)  and  then  mixed  with  the  oleate  solution, 
there  was  no  depression  of  foaming  capacity.  Commercial  sodium 
abietate  did  not  affect  either  the  pH  or  the  foaminess  of  the  oleate 
solutions  .  On  the  other  hand,  rosin  (i.e.,  mainly  abietic  acid)  was 

found  to  depress  the  foam  volume  of  tallow  soaps*  b.  See  also  section 
43. 


Addition  of  calcium  laurate,  myristate,  or  palmitate  to  a  solution 

of  sodium  laurate,  myristate,  or  palmitate  did  not  greatly  affect  the 

foam  volume  of  the  latter*1.  Suspensions  of  calcium  soaps  do  not  froth 

appreciably;  the  utilization  of  this  effect  for  titrating  hard  water  is 

discussed  m  Chapter  14.  The  lifetime  of  the  most  persistent  bubble  in 

0.1  per  cent  sodium  oleate  solution  was  greatly  increased  by  salts 

such  as  A  aCl  and  Iv2S04,  but  the  increase  caused  by  some  salts  of 

alkaline  reaction  (0.01M  K3P04  or  K4P207)  was  even  greater28.  More 

complicated  mixtures  (soaps  and  “builders”  in  hard  water)  have  been 

studied  by  Momsroe  and  Newhall36  and  Dedrick  and  Wills37  (see 
also  section  46).  K 

stable“oihwSaThm°nir  Palfmfitate  ^ve  rise  to  foam  which  was 
stable  for  weeks  .  The  volume  of  foam  produced  by  shaking  0  14  per 

laurate  md'tl  t"ethanolam,ne  soaPs  increased  from  hexanoate  to 

as  efficient  as  the  fa”  ‘°  “d  thc  °,eate  a>—t 


Section  39.  Solutions  for  stable  Fima 
bubbles,  and  a  soao  still'  Z  1  ,  S  P  gaVG  name  to  soaP 

tended  for  produ^^ST^ 
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bles.  Plateau  used  solutions  of  commercial  soap  in  aqueous  glyc- 
erol.  (He  had  difficulties  in  procuring  colorless  and  odorless  glycerol 
samples.)  Vegetable  gums  (gum  karaya,  gum  tragacanth)  can  be  used 
instead  of  glycerol  to  enhance  the  stability  of  soap  films'*.  Dewar41 
employed  aqueous  solutions  of  0.1  per  cent  ammonium  oleate  and  1 
per  cent  glycerol  as  well  as  solutions  of  triethylamine,  tetramethyl- 
ammonium,  and  tetraethylammonium  oleates. 

In  more  recent  time  the  following  directions  were  tested  with  good 
results : 

1.  Dissolve  30  g  castile  soap  in  1  liter  distilled  water  without 
heating.  After  24  hours  of  sedimentation  syphon  off  the  clear  part 
and  add  to  it  of  its  volume  of  glycerol.  Immediately  before  using 
add  0.025  to  0.1  g  tannin  to  each  25  cm  of  the  solution  . 

2.  Stir  10.5  g  triethanolamine  with  19.5  g  oleic  acid  and  let  the  mix¬ 
ture  react  for  24  hours.  Dissolve  it  in  1  liter  distilled  water  (no  heat¬ 
ing).  Let  settle  for  24  hours.  Syphon  off  the  lower  layer  and  mix  4 
volumes  of  it  with  3  volumes  of  glycerol4'. 

3.  Mix  15.2  cm'  oleic  acid  with  73  cm’  of  10  per  cent  triethanol¬ 
amine  solution,  fill  with  distilled  water  to  200  cm3  and  add  164  g 
glycerol.  Use  the  clear  bottom  layer4’. 

4.  Shake  2  g  sodium  dioctyl  sulfosuccinate  (sold  as  "Aerosol  OT  ’) 
with  98  g  distilled  water.  Dissolve  (gentle  warming)  20  g  sucrose  and 
13.5  cm3  glycerol  in  25  cm3  of  the  above  mixture44. 


Section  40.  Aqueous  solutions  of  synthetic  detergents.  Sodium  alkyl 
sulfates,  Na0-S02-0- alkyl,  have  been  studied  more  than  the  other 
detergents.  The  persistence  of  single  bubbles,  about  1  cm  across,  of 
sodium  dodecyl  sulfate  solutions  had  a  maximum  (90  sec)  in  0.0LV 
concentration30.  According  to  Pankhurst34  who  employed  a  variation 
of  the  pneumatic  method  (section  21),  noticeable  foam  formation  at 
38°  is  observed  in  solutions  of  sodium  octyl  sulfate  at  concentrations 
above  0.03A/,  while  this  minimum  concentration  of  foaming  is  0.02 
for  sodium  decyl  sulfate,  0.004A/  for  sodium  dodecyl  sulfate,  and 
0.00025 M  for  sodium  tetradecyl  sulfate;  thus  the  threshold  concen  ra¬ 
tion  decreased  in  the  ratio  1 : 120  when  the  chain  of  the  alkyl  increased 
by  6  CH2  When  the  concentration  of  the  salt  increased,  foammess 
passed  through  a  maximum.  This  occurred  in  0.02M  solution  of 
sodium  dodecyl  sulfate  (i.e.,  at  a  higher  concentration  than found 
by  Burcik)  and  in  0.002M  solution  of  sodium  tetradecyl  sulfate,  lhe 
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foaminess  of  dodecyl  was  greater  than  that  of  tetradecyl  compound. 
The  data  are  not  sufficient  for  calculating  h/u. 

Maxima  on  the  foaminess-concent ration  curve  are  observed  also 
when  the  foam  volume  after  shaking  is  taken  as  the  measure  of  foami¬ 
ness45.  Thus,  at  20°  and  40°,  0.064/  solution  of  sodium  dodecyl  sulfate 
gave  more  copious  foam  than  either  more  or  less  concentrated  solu¬ 
tions.  The  maximum  for  sodium  tetradecyl  sulfate  was  at  0.074/  at  40° 
and  60°  and  at  0.044/  at  20°.  At  60°  the  foam  volume  of  the  Ci2 


Number  of  Carbon  Atoms 

SF0',Gur„fT^etrimUm  f<T  V°1Ume  (a,tei'  shaki"(0  0f  sodium  »*M  sulfate 

a933)  C"rVe8  t0  201  W’  an<l  60°C'  From  Kollmd-Z.,  64.  327 


and  01/  S  3  T  :ndependent  of  c°nceutration  between  0.01 
and  0.1  M  Sodium  hexadecyl  and  octadecyl  sulfates  showed  no  maxi 

um  within  this  concentration  range  at  40°,  but  at  (10"  the  maxima 

were  situated  near  0.03.V  and  0.00571/,  respectively.  The  fo^m  voi 

mesiniarburary  units)  corresponding  to  these  maxima a  “Totted 

ture  whiieThafoi  1  a  Ztm  60"greatr  t  l0"'e''  ^ 

The  foam  voiume  produced  by  a  moving  perforated  plate  (section 
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25)  increased  with  concentration  although  the  increase  was  very 
slight  at  higher  concentrations.  For  example,  0.1,  0.2,  0.4,  and  0.8 
per  cent  (i.e.,  0.0035M,  0.007M,  0.014 M,  and  0.028M)  solutions  of 
sodium  dodecyl  sulfate  had  volumes  in  the  ratios  0.64:1:1.18:1.22. 
The  time  U  (see  section  38)  had  a  maximum  (20  sec)  in  0.1  per  cent 
solution,  i.e.,  at  a  greater  dilution  than  the  lifetime  maximum  of  single 
bubbles.  The  foam  volume  little  depended  on  chain  length  of  the  sul¬ 
fate  in  relatively  concentrated  solutions;  for  example,  it  differed  by 
less  than  2  per  cent  for  0.4  per  cent  solutions  of  the  Ci2,  C]3,  Ci4,  Ci6, 
and  Cn  sulfates  and  also  of  the  unsaturated  sulfate  having  the  oleic 
acid  chain.  However,  in  lower  concentrations  (e.g.,  0.016  per  cent) 
shorter  ions  (Ci2)  gave  less  foam  and  had  smaller  U  values  than  longer 
ions  (Ci6  or  C17).  Sodium  octadecyl  sulfate  was  in  all  respects  a  poorer 
frother  than  the  next  lower  homolog  ". 

Miles  and  Ross31  and  Dreger  et  a/.4b  applied  the  “pour  test”  (section 
25)  to  many  sodium  alkyl  sulfates.  The  foam  height  H  first  increased 
with  concentration  and  then  reached  a  value  independent  of  concen¬ 
tration  and  almost  independent  of  the  salt  used.  Also  in  this  in¬ 
stance  (see  section  38)  perhaps  the  volume  of  air  incorporated  into 
the  liquid  during  the  impact  was  measured  rather  than  any  property 
of  the  foam  films.  The  concentration  Ci  at  which  the  constant  value 
of  H  was  attained  depended  on  the  nature  of  the  solute.  At  46° 
it  was  about  0.005M  for  sodium  dodecyl  sulfate,  about  0.003M 
for  sodium  tetradecyl  sulfate,  and  about  0.00 1M  for  sodium  cetyl 
sulfate.  A  similar  dependence  of  Ci  on  the  chain  length  was  observed 
also  for  sodium  sulfates  of  2-hendecanol,  2-tridecanol,  2-pentadecanol, 
2-heptadecanol,  and  2-nonadecanol.  There  was  no  definite  difference 
between  the  sodium  sulfates  of  2-pentadecanol  and  4-pen tadecanol, 


but  6-pentadecanol  and  8-pentadecanol  had  greater  (\  and  also  a 
greater  limiting  height  H  than  the  first  named  isomer. 

*  Change  of  pH  between  3  and  9  had  but  little  effect  on  the  H  of  0.1 
per  cent  (i.e.,  0.0035M)  solution  of  sodium  dodecyl  sulfate31.  Large 
excess  of  neutral  salts  (sodium  chloride,  magnesium  chloride,  cal- 
cium  chloride)  and  of  hydrochloric  acid  greatly  increased  the  n 
of  0.0023M  sodium  sulfate  of  7-tridecanol ;  e.g.,  in  0.5/V  hydrochloric 
acid,  H  was  10  times  as  great  as  in  distilled  water  . 

Some  sodium  alkyl  sulfates,  within  a  range  of  ratios  are  incom¬ 
patible  with  soaps.  Thus  the  time  of  collapse  (after  shaking)  of  0.25 
per  cent  solution  of  the  sodium  6-  or  7-tetradecyl  sulfates  was  lowered 
from  15  min.  to  a  few  seconds  by  addition  of  1  part  of  sodium  stearate 
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to  200  parts  sulfate.  Smaller  and  greater  ratios  of  stearate  to  sulfate 
were  less  deleterious4'.  The  effect  of  calcium  salts  on  the  foaminess  of 
mixtures  of  sodium  tetradecyl  sulfate  and  soap  also  has  been  studied41. 

Long-chain  alkyl  sulfuric  acids  are  suitable  frothers  in  flotation. 
They  froth  in  alkaline,  neutral,  and  acid  solutions.  They  share 
this  property  with  long-chain  esters  of  betaine  chloride  [(CH3)3- 
NC1CH2C()0- alkyl],  compounds  of  the  type  CH3[CH2]9  CH2- 
C0  0  [CH2]2-0  [CH2]2-0-S0  0NH4,  and  so  on48.  Sabetay49  was 
impressed  by  the  ability  of  the  lauric  acid  ester  of  triethanol¬ 
amine  [CnH23-C0-0-CH2CH2N(CH2CH20H)2]  to  foam  in  relatively 
concentrated  hydrochloric  acid. 

Data  for  the  time  of  collapse  of  the  froth  of  sodium  dioctyl  sulfo- 
succinate  and  sodium  6-butylnaphthalene-l  -sulfonate  under  various 
external  conditions  have  been  published  by  Savitskaya  and  Rebinder50. 
I  ime  ti  (see  section  29)  was  prolonged  by  adding  agar  to  the  detergent 
solution,  particularly  if  the  collapse  occurred  in  closed  space.  Thus 
it  was  about  2  hours  for  0.125  per  cent  sodium  dioctyl  sulfosuccinate 
and  about  15  hours  for  this  solution  plus  0.1  per  cent  agar,  both  under 
an  inverted  beaker  (see  section  30).  A  0.015  per  cent  solution  of  this 
detergent  did  not  give  any  appreciable  foam.  Small  additions  of  agar 
did  not  change  this  behavior,  but  when  the  agar  concentration  ex¬ 
ceeded  0.08  per  cent,  h  measured  in  hours  was  observed.  Thus  tw^o 
solutes,  each  of  which  caused  no  frothing,  produced  a  strongly  foaming 

liquid  when  combined50.  Soap  readily  destroys  foam  of  sodium  dioctyl 
sulfosuccinate  . 


Sodium  salts  of  aliphatic  sulfonic  acids  (alkyl  -S02  ONa)  are,  as 
frothers,  almost  as  efficient  as  sodium  alkyl  sulfates32.  For  example  in 
0.1  per  cent  solution  the  tetradecane  sulfonate  gave  foam  volume’  of 
.^  (arbitrary  units)  and  tz  (section  38)  of  8  min.,  while  the  tetradecyl 
sulfate  had  volume  of  57  and  t3  of  1 1  min.  Sodium  cetanesulfonate  was 

sulfatT"  f  tHan  SOdlUm  tetradecanesulfonate  or  sodium  cetyl 

CONHThVh^  rvlmm  ^auroylamino-ethanesulfonate,  CnH23- 
mnlnHCH2(  are  said  to  be  better  frothers  than  the  ho- 

Stetfc  acid- P0UndS  deriVed  fr0m  Palmitic,  or 

The  foam  height  (after  shaking)  of  mixtures  of  commercial  soao 

i sodium  a-tocophervl  phosphate  (a  salt  of  vitamin  E)  is  not  a 
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commercial  detergent  but  has  very  similar  physical  properties.  A 
0.43  per  cent  solution  of  its  monohydrate  gave  films  which  lasted  for 
30  to  39  sec  (averages  of  ten)  when  the  film  diameter  was  3.5  cm  and 
for  about  7  min.  when  the  diameter  was  1.0  cm2J. 

The  foam  height  (after  pouring)  of  some  nonionic  detergents  of 
undisclosed  composition  had  a  maximum  in  2  or  4  per  cent  solutions52. 

Alcohols  ROH  were  condensed  (at  150°  in  a  nitrogen  atmosphere 
in  the  presence  of  30  per  cent  sodium  hydroxide)  with  approximately  1, 
3,  or  6  parts  by  weight  of  ethylene  oxide,  and  the  products  (apparently 
not  further  purified)  were  dissolved  in  water  and  subjected  to  a 
“pour  test”  (see  section  25).  The  foam  height  usually  increased  with 
concentration.  Thus  for  R  =  decyl  and  3  parts  of  ethylene  oxide,  this 
height  at  50°  was  98  in  0.05  per  cent  and  198  in  0.5  per  cent  solution. 
At  0.5  per  cent  concentration,  it  was  greater  the  shorter  the  radical 
R  (from  decyl  to  cetyl).  Condensation  with  3  or  0  parts  ethylene 
oxide  yielded  better  f  rot  hers  than  that  with  one  part.  The  height  of 
foam  15  minutes  after  its  formation  was,  for  example,  one-quarter 
of  the  original  height  ’"*. 

The  height  of  foam  produced  by  shaking  aqueous  solutions  of  com¬ 
mercial  detergents  is  said  to  be  greater  the  more  “hydrophilic  ’ 
the  detergent5215. 


Section  41.  Unimolecidar  layers.  Gas  bubbles  under  the  surface  of 
water  have  a  comparatively  long  lifetime  if  the  surface  is  covered  with 
a  “monolayer.”  When  the  bubble  persistence  r  is  plotted  against 
the  surface  concentration  (expressed,  for  instance,  as  the  number  of 


molecules  of  the  surface  film  on  1  cm2),  curves  with  a  sharp  maximum 
result53.  Fig.  26  combines  the  results  of  Talmud  and  Sukhovolskaya' 
on  0.15  cm  large  bubbles  under  films  of  ethyl  oleate  on  watei,  and 
those  of  Trapeznikov54  on  0.3  cm  large  bubbles  under  ethyl  palmitate 
on  0.0 LV  hydrochloric  acid.  The  ordinate  is  the  average  persistence 
(in  sec)  and  the  abscissa  is  the  number  of  gram-molecules  on  cm". 
For  surface  concentrations  less  than  2.7  X  10  °  g-mol./cm  there 
are  two  curves  for  ethyl  palmitate.  The  lower  curve  represents  the 
average  of  all  the  bubbles  observed  (10-20)  while  for  the  upper  curve 
the  bubbles  which  broke  at  once  were  disregarded. 

The  maximum  on  the  ethyl  oleate  curve  corresponds  to  the  area 
of  185  sq  A  per  molecule,  and  the  maxima  on  the  ethyl  palmitate 
curves  to  areas  of  130  and  100  sq  A.  All  these  areas  are  much  greater 
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than  that  of  the  “completed  monolayer”  which  is,  for  example,  22 
sq  A  for  ethyl  palmitate.  According  to  Trapeznikov,  the  surface 
film  at  2.7  X  1CT10  g-mol./cm2  (i.e.,  61  sq  A)  is  dense  enough  so  that 


junQce  concentration  vy-moi  /  cnrj 

°'  8i"B'°  bubbles  under  un'm°lecular  layers  of  esters 
and-TC“  ikov*<  C°nCentratl°"  D‘>‘“  »f  -d  Sukhovolskaya- 


every  rising  bubble  is  stopped  by  the  monolayer;  at  larger  surface 
•ueas  many  bubbles  meet  pure  water  surface  on  rising Cd  burst 
immediately.  This  explains  the  advisability  of  plotting  non  "em 

liThat  2  7  7  I”6'7'  “  ,0n*  “  the  surfa<*  concentration  is 
dwo  esters  have  been  selected  for  Fin-  o«  i 
- ,ikeiy  - be — *  & 
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ralmud  and  v'mkhovolskaya  observed  different  r  with  different  sam¬ 
ples  of  distilled  water  except  when  the  film  was  of  ethyl  oleate. 

For  cetyl  alcohol  the  maximum  of  r  (2.3  sec)  was  at  6.4  X  10_1° 
g-mol./cm2,  i.e.,  26  sq  A/mol.3.  On  0.01  A"  hydrochloric  acid  the  fol¬ 
lowing  maxima  of  r  were  found'54:  palmitic  acid  6  sec,  24  sq  A  at  24°; 
myristic  acid  6  sec,  43  sq  A  at  24°;  lauric  acid,  no  definite  maximum, 
t  =  2  sec  between  60  and  160  sq  A  at  18°;  cetyl  alcohol  3  sec,  20 
sq  A  at  18  to  20°;  cetyl  stearate  3  sec  between  22  and  38  sq  A  at  22°. 
At  a  higher  temperature  (32°)  the  maximum  of  r  (10  sec)  for  palmitic 
acid  on  0.01  A  hydrochloric  acid  shifted  to  35  sq  A.  It  is  seen  that  the 
areas  of  the  maximum  r  either  agree  with  those  of  a  “completed  mono- 
layer”  or  are  larger.  In  all  instances  compression  of  the  monolayer  to 
areas  less  than  20  sq  A/molecule  immediately  reduced  r  to  zero.  In 
Fig.  26  extrapolation  of  the  curves  to  higher  surface  concentrations 
would  lead  us  to  expect  r  =  0  at  about  8  X  10  10  g-mol./cm2,  i.e.,  at 
21  sq  A/molecule. 

Isemura’s  work0  on  the  persistence  of  bubbles  stabilized  by  mono- 
layers  is  known  to  the  author  from  an  abstract  only. 

The  bubbles  under  unimolecular  layers  differ  from  all  other  bubbles 
in  that  their  interior  surfaces  have  a  surface  tension  different  from 
that  of  the  exterior  surface.  Using  the  terms  of  section  14:  the  roof 
of  the  dome  and  the  plane  liquid-air  interface  around  the  bubble 
have  surface  tension  71  of  the  contaminated  surface,  while  the  ceiling 
and  the  floor  of  the  bubble  have  the  greater  surface  tension  70  of 
the  pure  solvent.  Instead  of  the  equation  2  cos  a  +  cos  0  =  1,  equa¬ 
tion  71(1  -  cos  a)  =  7o(cos  a  +  cos  0)  results.  Bubbles  under  a  mono- 
layer  should  be  less  flat,  than  equally  large  bubbles  of  the  ordinary 
kind.  No  comparison  of  the  shapes  of  the  two  types  of  bubble  could 
be  found  in  the  literature.  The  conditions  of  stability  of  the  bubbles 
under  a  monolayer  apparently  have  never  been  properly  discussed. 


Section  42.  Foaminess ,  composition ,  and  concentration.  A  definite 
correlation  between  the  composition  of  a  substance  and  its  ability 
to  produce  foam  is  very  unlikely  (see  section  95).  However,  if  only 
aqueous  solutions  about  as  viscous  as  water  itself  are  considered  an 
temperature  differences  may  be  neglected,  it  is  legitimate  to  inqune 
how  the  stability  of  a  foam  is  affected  by  variation  of  the  chemical 

composition  and  structure  of  the  solute. 

Consideration  of  114  frothers  tested  for  flotation  purposes  showed 
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that  efficient  frothers  contained  (preferably  one)  hydroxyl,  carboxyl, 
carbonyl,  or  ester  group  and  a  chain  of  at  least  six  carbon  atoms; 
their  solubility  should  be  of  the  order  of  1  g/1.  Frothers  which  at  the 
same  time  were  collectors  (see  Chapter  13)  usually  contained  amino 
groups  and  had  more  than  six  carbon  atoms’6.  These  rules  based  on 
the  experience  of  a  particular  industry  cannot  claim  any  general 
validity. 

The  “frothing  power”  (not  further  defined  in  the  abstract)  of  ali¬ 
phatic  acids  is  said  to  be  greater  than  that  of  the  corresponding  alde¬ 
hydes  which  often  are  better  frothers  than  the  corresponding  alco¬ 
hols57.  In  the  alcohol  series,  the  “frothing  power”  increased  with 
chain  length  to  C8.  It  was  greater  for  normal  than  for  branched  alcohols 
and  greater  for  aliphatic  than  for  aromatic  alcohols.  Unfortunately 
the  original  paper  was  not  accessible. 

It  appears  from  Tables  4  and  6  that  foaming  capacity  rises  to  a 
maximum  and  then  decreases  when  the  molecular  weight  of  the  al¬ 
cohol  oi  the  acid  increases.  The  existence  of  these  maxima  may  be 
due  to  solubility  effects.  The  solubility  of  aliphatic  alcohols  and  acids 
m  water  generally  is  smaller  the  greater  the  molecular  weight.  For 
substances  containing  more  than  six  carbon  atoms  in  the  molecule 
the  solubility  may  be  so  low  that  even  the  greatest  concentration 
realizable  is  still  too  small  for  the  foaming  to  be  considerable.  If 
solutions  of  homologous  alcohols  or  acids  are  compared  at  a  constant 
concentration,  considerably  smaller  than  the  solubility  of  the  least 
soluble  member  of  the  series,  the  “activity”  of  the  frother  (i.e.  the 
oam  persistence  divided  by  concentration)  is  seen  to  increase  with 
molecular  weight  also  beyond  hexanol  and  hexanoic  acid 

According  to  Bartsch14,  Rebinder20'58,  and  others,  concentrated 
solutions  of  higher  alcohols  and  acids  froth  poorly  because  they  con- 

Z~°Z  °r  trrrPiCal  d«  0f  the  nonaqueous 
P  ase.  This  then,  would  be  the  reason  for  both  the  maximum  of 

ammess  at  a  medium  molecular  weight  and  the  maximum  on  the 
foammess-concentration  curve.  Elimination  of  the  droplets  would 

solutions  and  “^fiUrates  ,77  aIcoho1 

the  peSence  r  o,  d™d  maximum  of 

combined  treatment  th^maxim’  ^  (<“  ^  *"»*"“«*">);  after  the 

a  nearly  constant  value  (75 
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Also  the  striking  difference  between  r  in  open  and  closed  vessels 
was  greatly  attenuated  by  the  removal  of  the  droplets;  this  was  ob¬ 
served  on  1-octanol  solutions,  and  the  droplets  were  removed  by 
filtration.  Unfortunately  it  is  not  stated  what  was  the  change  in  the 
over-all  concentration  produced  by  this  treatment.  Destruction  of 
foam  by  emulsions  has  been  noted  many  times  (see  section  51). 

For  another  explanation  of  the  maximum  on  the  foaminess-con- 
centration  curve,  see  section  100. 

In  aqueous  solutions  of  isoamyl  alcohol  the  foaming  capacity  in¬ 
creases  with  concentration  C  when  C  <  Cm  ( Cm  is  the  concentration 
corresponding  to  maximum  persistence)  and  decreases  when  C  in¬ 
creases  past  Cm.  There  is  another  difference  between  these  two  con¬ 
centration  ranges10.  When  an  aqueous  solution  of  methyl  orange  is 
mixed  with  isoamyl  alcohol  and  shaken,  the  foam  is  colored  when 
C  <  Cm,  but  the  dye  solution  rapidly  drains  from  the  froth  when 
C  >  Cm.  When  the  oil-soluble  dye  Sudan  IV  is  dissolved  in  isoamyl 
alcohol,  diluted  with  water  and  shaken,  the  froth  is  pink  at  C  <  Cm 
and  white  or  greenish- white  at  C  >  Cm.  No  complete  explanation  for 
this  behavior  has  been  given  so  far. 


Section  43.  Aqueous  solutions  of  poorly  identified  organic  sub¬ 
stances.  Many  determinations  of  foaminess  have  been  carried  out  on 
systems  so  complicated  that  they  do  not  throw  any  light  on  the 
relat  ion  between  the  st  ructure  and  the  f  rot  her  activity  of  a  sub- 
>st  ancc 

Pine  oil  is  used  as  frother  in  flotation.  The  volume  of  foam  produced 
by  the  pneumatic  method  in  various  specimens  of  pine  oil  and  in  the 
main  constituents  of  this  oil  (a-  and  /3-terpineol)  was  compared  with 
the  foam  volume  of  hexanol58a.  Kerosene  extended  the  time  of  collapse 
of  foam  produced  by  shaking  an  aqueous  solution  of  pine  oil;  thus 
addition  of  1  g/1  of  kerosene  to  11  mg  pine  oil  in  one  liter  of  water 

raised  this  time  from  5.5  to  10.0  sec58b.  59 

Although  different  saponins  have  different  foaming  proper  les  , 
many  experimenters  characterized  their  substances  simply  as  “sap¬ 
onin.”  The  stability  of  foam  (produced  apparently  by  the  pneumatic 
method)  was  for  saponin  solutions  greater  than  for  peptone  >  go  a- 
tin  >  albumin  >  pectin  >  easel,,  solutions  .  in  a  mod, fieri  pneumat.c 
method  there  was  apparently  a  maximum  of  persistence  between i  t . 
concentrations  of  0.01  and  0.2  per  cent.  For  the  time  ot  collapse  . 
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shaking  there  was  no  difference  between  0.5  and  1  per  cent  solutions 
(170  sec)  but  this  time  was  only  100  sec  in  0.25  per  cent  and  120  sec 


in  0.008  per  cent  solution17.  Solutions  containing  only  0.00018  per  cent 
saponin  did  not  foam  on  shaking,  but  0.0009  per  cent  solution  gave  a 
measurable  although  evanescent  foam61.  According  to  Schiitz6'  the 
logarithm  of  foam  persistence  is  a  linear  function  of  the  saponin 
concentration. 

Destruction  of  saponin  foam  by  ethyl  alcohol  was  known  to  Pla¬ 
teau6’.  Sasaki61  reports  that  moderate  additions  of  ethanol  (e.g., 
0.26  g-mol.  to  0.009  g  saponin  in  1  liter  water)  increase  the  height  of 
foam  caused  by  shaking  while  too  much  ethanol  (e.g.,  1  g-mol.)  re¬ 
duces  the  time  of  collapse  without  sensibly  affecting  the  initial  foam 
height.  Isoamyl  alcohol  increased  the  time  of  collapse  divided  by  the 
initial  foam  height  of  a  0.0009  per  cent  saponin  solution  starting  * 
trom  3  X  10  M,  and  the  persistence  showed  a  maximum  at  the 
addition  of  3  X  10  4  g-mol.  isoamyl  alcohol  to  1  liter64.  The  time  of 
collapse  ol  0.008  per  cent  saponin  foam  was  considerably  shortened 
by  0.03771/  isoamyl  alcohol1',  i.e.,  a  concentration  over  100  times  as 
great  as  the  just  mentioned  optimum  concentration. 


Addition  of  soap  to  saponin  or  of  saponin  to  soap  in  aqueous  solu¬ 
tion  decreases  the  foam  volume6 .  There  is  a  range  of  saponin-soap 
mixtures  which  gives  no  noticeable  foam.  Its  extent  depends  on  the 
nature  of  the  saponin  and  the  soap  (the  sodium  salts  of  abietic  and 
several  fatty  acids  were  tried  out)66.  The  mutual  quenching  of  soap 
and  saponin  foams  appears  remarkable.  Whether  saponin  displaces 
soap  or  soap  displaces  saponin,  the  resulting  solution  still  should 
froth  copiously.  The  explanation  of  the  riddle  seems  to  have  been 
oun  in  t,  e  acidity  of  the  usual  saponins6'  (see  also  section  38) 
When  saponin  is  added  to  a  sodium  oleate  solution,  “acid  soap” 
and  eventually  oleic  acid  form.  They  displace  both  saponin  and 
neutral  soap  from  the  surface  but  are  themselves  poor  frothers  (see 

tion  of  oT  'd  Yhe"  01  S  Sa|T‘n  was  introduced  into  solu- 

Zl iltn  °T  "1  T  Cm  Water'  ^  pH  of  the  solution 

creaJd  f  o74  • f  ^  ?  fosmvol“e  (after  shaking)  de- 

i  ...  .  °  cm  to  zero.  A  saponin  solution  in  caustic  soda 

aged  until  its  pH  was  stsblp  e  i  i  i  ,  ausmc  h0da> 

fn.,m  i,  +i  i  ta  e  at  8-4>  n°  quenching  effect  on  soan 

equally  wdl^^TpH  6  2  ,7°™  f°amed 

sensitive  to  foreign  subtoes  than  th A  n  ?***"*  WaS  m°re 

PH  9.6  one-ninth  of  that  a  nH  s  n  nT  gh‘;  thUS  “  was  at 
oi  tnat  at  pH  8.1,  and  0.01  g  saponin  added  to  0.1 
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S  sodium  oleate  vas  sufficient  to  reduce  the  time  of  collapse  to  l/50th 
of  its  value  for  pure  soap. 

Bile  acids  and  their  salts  give  rise  to  relatively  stable  foams.  The 
height  of  foam  remaining  a  definite  time  after  shaking  was  deter¬ 
mined  for  commercial  sodium  glycocholate  and  its  mixtures  with 
sodium  hexanoate,  sodium  undecylenate,  and  other  soaps68.  Bader 
and  Schiitz69  measured  the  maximum  persistence  of  bubbles  (sec¬ 
tion  19)  of  commercial  sodium  cholate  and  sodium  tauroglycocholate 
and,  by  foam  fractionation,  showed  that  these  preparations  were 
very  impure  (see  section  110). 


Section  44.  Proteins  yield  persistent  foams  used,  for  instance,  as 
food  and  in  fire  fighting.  The  stability  of  these  foams  depends  above 
all  on  the  pH  of  the  solution  (and  on  the  purity  of  the  sample  which 
too  often  has  not  been  tested).  A  maximum  of  stability  usually  is 
observed  near  the  isoelectric  point  of  the  protein. 

Thus,  for  gelatin  whose  isoelectric  point  was  between  4.75  and  5.0, 
Bogue70  found  the  greatest  foam  height  (presumably  after  shaking) 
to  occur  at  pH  5;  this  height  was  almost  constant  between  pH  5.5 
and  pH  9  and  sharply  decreased  between  pH  9  and  pH  10.  Three 
samples  of  photographic  gelatin  gave  maxima  of  foaminess  near  pH 
6,  but  another  sample  had  foaminess  varying  with  pH  in  a  compli¬ 
cated  manner;  a  modified  pneumatic  method  was  used  .  Electro- 
dialyzed  gelatin  in  0.05  per  cent  solution  had  a  maximum  of  foam 
height  (in  a  pneumatic  method)  near  the  isoelectric  point  (pH  4.8), 
but  0.5  per  cent  solution  of  the  same  gelatin  showed  a  minimum  of 
foam  height  at  this  pH70a.  Suppression  of  foaming  (modified  pneu¬ 
matic  method)  on  addition  of  larger  amounts  of  alkali  took  place 
also  in  other  experiments'1.  Deaminated  gelatin,  containing  17.38 
per  cent  N  instead  of  the  original  17.96  per  cent,  had  isoelectric  point 
at  pH  4,  and  the  greatest  foam  volume  after  shaking  occurred  also 

at  this  pH'2. 

A  0.05  per  cent  solution  of  egg  albumin  whose  isoelectric  point 
was  at  pH  4. 6-4. 8  foamed  most  at  pH  4'2.  The  pneumatic  method 
was  employed  but  unfortunately  the  dimensions  of  the  apparatus 
are  not  given,  and  thus  calculation  of  h/u  (see  section  22)  is  impos¬ 
sible.  Two  minima  of  the  foam  volume  were  visible  at  pH  2  anc  be¬ 
tween  pH  8  and  10,  and  in  strongly  acid  (pH  about  0)  and  strong  y 
alkaline  solutions  (pH  12)  the  foam  volume  was  about  as  great  as  at 


RESULTS  OF  FOAMING  MEASUREMENTS 


79 


pH  473.  Also  a  0.1  per  cent  solution  foamed  best  (in  a  pneumatic 
method)  at  its  isoelectric  point. 70a 

The  isoelectric  point  of  salmine  sulfate  is  at  pH  12,  i.e.,  in  a  very 
different  range  of  acidities.  The  average  lifetime  of  single  bubbles  in 
0.5  per  cent  salmine  sulfate  solution  and  the  foam  volume  (pneumatic) 
of  0.05  per  cent  solution  had  maxima  at  pH  1073. 

The  foaminess  of  alpha  soybean  protein  solutions  was  studied  by 
the  pneumatic  method  but  expressed  as  vi/m  (see  section  24).  Fig. 


Hiv'H  1  f  ‘  °f  pH  °"  “foaming  capacity”,  i.e.  volume  of  liquid  in  foam 

divided  by  the  concentration  of  the  solution  (in  special  units),  for  alpha  soT 
bean  protein  in  water.  From  J.  PkyS.  &  Colloid.  Chcm..  51,  661  (1947)  y‘ 


-i  represents  this  magnitude  as  function  of  pH.  As  in  the  instance  of 
egg  albumen,  there  are  a  maximum  near  the  isoelectric  point  (at  pH 
4.1),  two  minima  in  slightly  acid  and  slightly  alkaline  solutions  and 
^increases  of  foaminess  in  strongly  acid  and  strong  aLune 

is  Spt  ctsif pSvir  pH 

"•  ^ 

•sodium  chloride  (>()0  in  0  00m  J  ,  2°  “  Water’  300  in  0-0001 M 
nnnmif  ,  ,  ’  ’  111  °  0001^  calcium  chloride  and  9  onn  • 

0.000,1/  lanthanum  chloride”  When  compared  in  Olt  eZen- 
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tration,  lanthanum  chloride  was  not  more  active  than  sodium  chloride, 
presumably  because  the  charge  on  the  protein  particles  was  reversed 
by  lanthanum  ions.  When  0.05  per  cent  egg  albumen  was  dissolved 
in  O.OOlil/  potassium  hydroxide  to  pH  10.5,  the  foam  volume  was 
about  one-half  that  of  a  similar  solution  in  O.OOlil/  barium  hydroxide 
at  the  same  pH  .  Sodium  chloride  lowered  but  calcium  chloride 
raised  the  foam  height  (after  shaking)  of  gelatin  solutions77. 

Protein  foams  are  destroyed  or  weakened  by  many  additions. 
Albumin  does  not  froth  in  an  emulsion  of  water  in  benzene  .  Stearic 
acid  suppresses  frothing  of  protein  hydrolyzates79.  Olive  oil,  oleic 
acid,  sodium  oleate,  and  calcium  oleate  lower  the  volume  of  foam 
produced  by  shaking  animal  glue  solutions80.  Milk  fat  and,  particu¬ 
larly,  oxidized  fat  reduce  the  foaming  capacity  of  casein  solutions81. 


The  foaminess  of  protein  mixtures  was  studied,  e.g.,  by  Trotman 
and  Hackford"  and  by  Pankhurst34. 

As  mentioned  in  section  43,  the  foaming  capacity  of  proteins  is 
said  to  decrease  from  peptones  to  gelatin  to  albumin  to  casein  . 


Additional  data  on  the  foaminess  of  proteins  refer,  for  example,  to 
gelatin82,  albumin83,  and  tannery  proteins84. 

Solutions  of  humic  acid  at  different  acidities80  and  solutions  of 
gum  arabic  6  also  have  been  studied. 

Tannin  in  0.2  per  cent  solution  has  a  small  time  ot  collapse  (ti, 
see  section  29)  after  shaking  (a  few  seconds)  but  solutions  of  heptanoic 
acid  in  this  tannin  solution  have  very  large  th  e.g.,  1500  sec  as  com¬ 
pared  with  85  sec  for  the  equally  concentrated  solution  in  pure  water  . 
The  increase  of  the  stability  of  soap  bubbles  by  very  small  amounts  of 
tannin  has  been  mentioned  in  section  39.  Larger  amounts  quench 
soap  foams;  thus  0.02  g  of  tannin  destroys  the  foaming  capacity  of 
0.1  g  sodium  oleate  in  100  cm3  of  water.  Presumably  tannin,  which 
lowers  the  pH  of  the  soap  solution,  acts  in  the  same  manner  as  sapo¬ 
nin  (see  section  43).  f  ,,  . 

The  maximum  persistence  of  air  bubbles  in  solutions  of  methyl 

celluloses  rapidly  increased  with  the  “molecular  weight”  (i.e  viscos¬ 
ity  under  standard  conditions)  of  the  sample  2.  The  foaming  of  methyl- 
ethylcellulose  was  reduced  by  sodium  carboxymethylcelhdose^ 

For  the  foaminess  of  various  organic  dyes,  see  refs.  U,  X8,  8.  a 


90. 


Section  45.  Solutions  in  organic  liquids.  Solutions  of  hydrocar¬ 
bons  in  hydrocarbons  are  capable  of  frothing.  According  to  Bresler 
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and  Talmud",  concentrated  solutions  of  diphenyl  in  benzene  and  of 
naphthalene  in  gasoline  give  foams  as  stable  as  those  due  to  mono- 
molecular  films.  Medicinal  paraffin  oils,  which  are  supposed  to  con¬ 
sist  of  hydrocarbons  only,  gave  the  average  lifetime  of  gas  in  the 
foam  ( L0 ,  see  section  28)  of  1  to  7  min.  at  26°  (the  of  beer  measured 
in  similar  conditions  was  30  min.)92.  The  time  of  collapse  (t)  after 
shaking  single  hydrocarbons  was  less  than  1  sec  but  mixtures  of 
aromatic  with  aliphatic  hydrocarbons  had  t  as  high  as  6  sec  (decane 
2,  butylbenzene  8  parts)93.  Data  are  available  for  the  foaminess  of 
lubricants  ’  ’  '  ,  but  it  is  unknown  whether  these  were  purely 
hydrocarbons. 

A  few  solutions  of  nonhydrocarbons  in  hydrocarbons  also  have 
been  studied.  Single  bubbles  in  0.04M  stearic  acid  in  heptane  lasted 
as  long  as  180  sec,  presumably  because  the  solvent  evaporated  and 
a  solid  film  of  the  solute  remained17. 


Single  bubbles  of  air  in  the  interface  between  n-hexane,  n-octane, 
or  nitrobenzene  and  the  corresponding  saturated  vapors  burst  im¬ 
mediately  as  is  usual  with  pure  liquids95*1.  The  persistence  r  of  bubbles 
in  binary  mixtures  of  these  liquids  showed  maxima  at  50  molecular 
per  cents  nitrobenzene  +  50  molecular  per  cents  hexane  and  60 
molecular  per  cents  nitrobenzene  +  40  molecular  per  cents  octane 
(see  also  section  46).  The  effect  of  the  atmosphere  on  the  lifetime  in 
the  last  named  solution  was  studied.  Under  saturated  vapor  r  was 
for  example,  60  sec.  When  the  gas  phase  originally  contained  only  the 
vapor  of  the  less  volatile  component  (i.e.,  nitrobenzene1),  the  life*;™ 


performed  at  0°.  The  greatest  t 
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for  methaiiol-p-cymene  mixtures  was  142  sec,  i.e.,  greater  than  for 
m-xylene  and  smaller  than  for  mesitylene.  In  the  system  mesitylene- 
ethanol  at  0°,  the  greatest  t  was  20  sec,  and  in  the  system  p-cymene- 


Figurf  28  Time  of  collapse  (until  but  two  bubbles  remain)  ol  loams  o  mix- 

"  methanol  with  mesitylene  (curve  1),  m-xylene  (curve  toluene  (curve 

3),  and  benzene  (curve  4).  From  holloid.  Zhur.,  12,  378  (1950). 

ethanol  at  20°  it  was  6  sec.  Mixtures  of  mesitylene  and  propyl  alcohol 

gave  a  rather  unstable  foam;  that  is,  stability  decreased  from  methanol 
to  propanol  Solutions  of  acetone  or  ether  in  mesitylene  did  not  foam. 
Comparison  of  Fig.  28  with  Fig.  17  and  Fig.  22  indicates  that  the 
foaminess-concentration  curves  of  solutions  in  hydrocarbons  me  gen 
“milar  to  those  in  aqueous  solution.  However,  the  number  of 
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solutes  giving  rise  to  froth  in  mesitylene  seems  to  be  less  than  the 


corresponding  number  in  water. 

A  semiquant itative  study  of  foam  stability  of  solutions  of  com¬ 
mercial  detergents  in  various  organic  liquids  has  been  carried  out 
by  King9'.  The  time  of  collapse  after  shaking  was  measured  or  esti¬ 
mated.  The  shortcomings  of  this  method,  especially  when  applied  to 
very  different  liquids,  are  pointed  out  in  section  29.  In  King’s  con¬ 
ditions,  shaking  produced  no  foam,  for  example,  in  glycerol  solutions, 
and  even  a  mechanical  agitator  yielded  “merely  emulsion  of  air  bub¬ 
bles.”  Relatively  persistent  foams  were  obtained  with  polyethylene 
glycols  in  methanol  or  acetone,  and  with  sodium  diamyl  sulfosuc- 
cinate  in  benzene  and  other  aromatic  hydrocarbons,  in  nitrobenzene, 
and  in  other  solvents. 

Very  stable  foams  can  be  produced  in  2  per  cent  solution  of  sodium 
bis-(2-ethylhexyl)  sulfosuccinate  (presumably  identical  with  the  sub¬ 
stance  called  otherwise  sodium  dioctyl  sulfosuccinate)  in  triethanol¬ 
amine92.  The  magnitude  L„  (see  section  28)  of  this  solution  at  100° 
was  89  min. 

A  solution  toaming  at  200°  was  prepared98  by  dissolving  2  g  of  a 
soap  (composition  not  given)  in  1  liter  of  paraffin  oil. 


Every  natural  fat  and  oil  contains  several  different  substances. 
Neveitheless  they  are  said  to  behave  like  pure  compounds  in  that 
puie  fats  and  oils  foam  poorly  while  their  mixtures  give  relatively 
stable  foams”100.  Similarly  to  the  presence  of  a  frother  in  water 
revealing  itself  by  the  foaminess  of  the  liquid,  the  presence  of  an 
"active”  oil  (e.g.,  linseed  oil)  in  “inactive”  oils  (olive,  peanut)  can 
be  detected  from  the  enhanced  foaming  capacity  of  the  sample101 
lhe  foaming  of  boiling  butter  is  attributed  to  the  presence  of  phos- 
phatides  Foaming  of  hot  cottonseed  and  other  oils  was  intensified 
by  heating  the  oils  in  air  (which  presumably  caused  oxidation  and 

tareatwT  ' d"^  "aS  dem0nstrated  ^  keeping  the  oil  for  many 
of  bread”  ^o^Th"'  T  *°  cT’  d,'°Ppin«  “wate^ked  piece’s 

:SvC^ume  °f  f°am  “d  by  »  «• 


Section  46.  Foaming  of  ternary  solutions.  In  sections  34  'tv 
examples  have  been  given  for  th»  „«■  ,  ,  actions  d4,  35,  etc 

„  suen  Ior  the  effects  of  a  second  soIiUp  (r\  r 
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ways  that  no  definite  rule  governing  the  foam  behavior  of  A  +  B  +  C 
as  compared  with  that  of  A  +  B  can  be  expected. 

The  change  in  foaminess  caused  by  the  addition  of  C  is  accounted 
for  in  an  obvious  manner  when  C  chemically  reacts  with  B.  Thus 
calcium  salts  destroy  the  foam  of  sodium  soaps  (see  section  38  and 
Chapter  14),  since  the  calcium  soap  formed  is  not  a  frother.  The 
effects  of  alkali  on  the  frothing  of  w-cresol  (see  section  35)  and  the 
effect  of  pH  on  the  frothing  of  solutions  of  proteins  (see  section  44), 
saponins  (section  43),  and  soaps  (section  38),  belong  to  the  same 
category. 

The  effect  of  an  addition  which  does  not  chemically  alter  the  first 
solute  may,  perhaps,  be  sifted  into  two  groups  observed,  respectively, 
when  C  is  (group  a)  and  is  not  (group  b )  present  in  significant 


amounts  in  the  surface  layer. 

Group  a.  Compound  C  may  alter  the  degree  of  dispersity  of  B  and 
thus  affect  its  surface  activity  and  “frothing  activity”.  Nakagaki"1 
pointed  out  that  the  series  NaN03  <  NaCl  <  BaCh  <  HC1  was 
valid  both  for  the  rate  of  collapse  of  congo  red  foam  after  shaking 
and  for  coagulation  of  congo  red  sols.  The  efficacious  electrolyte 
concentrations  also  were  similar  in  both  instances;  for  the  most  ac ti\e 
electrolyte  (HC1)  the  highest  rate  of  collapse  occurred  in  0.0028.Y 

and  the  coagulation  in  Q.0043N  solution. 

Compound  C  may  affect  the  surface  activity  of  B  by  altering  its 
solubility.  Thus,  the  increase  in  foaminess  of  alpha  soybean  protein, 
caused  by  0  5 M  sodium  chloride  and  calcium  chloride,  is  attributed 
to  salting-out  of  the  protein  by  the  electrolytes7  .  The  decrease  in 
the  time  of  collapse  of  aqueous  alcohol  foams  caused  by  methano 
may  be  due  to  better  miscibility  of  ethanol  with  aqueous  methanol 

than  with  water.  .  , 

An  analogous  explanation  was  given  for  the  effect  of  a  third  com¬ 
ponent  on  the  foaming  capacity  of  binary  mixtures  of  nitrobenzene 
and  cyclohexane103*.  Some  of  these  binary  mixtures  yield  stable 
foams.  Addition  of  piperidine  lowers  this  stability  affhoug  nitro¬ 
benzene-piperidine  mixtures  froth  about  as  well  as  those  of  mtro- 
benzene  with  cyclohexane.  Presumably  piponchne  enhance  Jh 
mutual  solubility  of  cyclohexane  and  nitrobenzene ^  Ethyl 1  afcoho 
Ivis  a  smaller  effect  than  piperidine.  p-Cymene  raises  the  foaminess 
of  the  above  binary  solutions,  and  in  this  ternary  system  the  nm* 
stable  foam  is  observed  at  60  per  cent  nitrobenzene,  25  pel  cent 
fymene  and  ,5  per  cent  cyclohexane.  p-Cymene  and  methanol  are 
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miscible  in  all  proportions  but  the  complete  miscibility  is  destroyed 
by  adding  small  amounts  of  water  (0.5  or  1  per  cent)  to  methanol. 
In  agreement  with  the  above  theory,  mixtures  of  p-eymene  and  an¬ 
hydrous  methanol  froth  poorly,  and  foaminess  is  improved  to  a 
greater  degree  the  more  water  is  present  (as  long  as  the  liquid  re¬ 
mains  homogeneous) 103b. 

Compound  C  may  affect  the  amount  of  B  in  the  solution  by  dis¬ 
placing  B  adsorbed  on  some  solid  present  in  the  system.  This  is  the 
explanation  given  103c  to  the  improvement  of  the  efficiency  of  poly¬ 
amides  (as  antifoaming  agents  in  locomotive  boilers)  achieved  by 
the  addition  of  chestnut  extract  (100  parts  for  0.2  part  of  polyamide 
and  1,000,000  parts  water).  Presumably,  in  the  absence  of  the  ex¬ 
tract,  polyamides  are  adsorbed  by  the  sludge  in  the  boiler. 


Section  47.  Group  b.  When  C  is  present  in  the  surface  layer  it 
may  aftect  its  properties  without  considerably  displacing  B,  or  it 
ma\  displace  B  to  such  an  extent  that  the  properties  of  the  surface 
are  determined  (almost)  by  C  only. 

Suppose  that  the  surface  layer  of  the  binary  solution  contains 
emulsion  droplets  (see  sections  42  and  51).  Substance  C  present  in 
t  is  layer  may  cause  dissolution  of  these  droplets  and,  consequently 
enhancement  of  foaminess.  This  is  a  possible  explanation  of  the 
favorable  effect  of  ethanol  on  the  foam  duration  (time  of  collapse)  of 
nonanoic  acid  and  of  isoamyl  alcohol  in  water'4.  Benzyl  alcohol 
lowered  both  the  solubility  of  isoamyl  alcohol  and  m-cresol  in  water 

’e.  T 1  apse,0f  thfir  aque0us  “•"‘ions;  perhaps  it  gave 
nse  (o  two-dimensional  emulsions.” 

The  difference  between  the  mechanical  properties  of  surface  layer 
onsisting  of  B  and  those  of  a  film  of  B  and  C  is  likely  to  be  respon 
ible  for  several  observations.  If,  instead  of  monolayers  of  myristic' 

v  .hThX;,’:,:  ceti  ,:i  mixu,res  «w 

the  ,he  rr  °f 

c5«4  t’C  1  It  thlCkneSS  betweenTand  3^  A/mTe! 

hrfC  “id  fr°th  *  “  and  te 

are  mentioned  in  sect' .  ’’tTat*and  sodmm  alkyl  sulfate  foams 

porirnents  “T  ^  *h<-  «*- 

acted  as  plasticizer  of  saponin  films, 
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saponin  and  transformed  the  surface  into  one  of  aqueous  alcohol 
which  has  a  much  shorter  foam  persistence  than  saponin  surfaces. 
The  favorable  influence  of  glycerol  on  the  lifetime  of  soap  films  is 
often  attributed  to  the  greater  viscosity  of  the  surface  layers  con¬ 
taining  glycerol. 

The  displacement  of  a  good  frother  by  a  poor  frother  from  the 
surface  layer  is  a  well  known  phenomenon.  It  was  postulated,  for 
example,  by  Quincke105  to  account  for  the  destruction  of  beer  foam 
by  ether  vapor.  (The  foam  of  aqueous  solutions  of  ether  is  short¬ 
lived.)  Apparently  it  has  never  been  proved  by  direct  measurements 
of  adsorption,  but  its  existence  is  made  nearly  certain  if  it  is  found 
that  the  foam  persistence  of  solution  A  +  B  -T  C  is  identical  with 
that  of  A  +  C  although  the  amount  of  B  present  may  greatly  exceed 
that  of  C.  Thus  the  time  of  collapse  h  (section  29)  of  0.027M  aqueous 
m-cresol  solution  was  25  sec  and  of  0.153M  isoamyl  alcohol  solution 
12  sec,  while  U  of  the  solution  of  0.027  g-mol.  m-cresol  and  0.153 
g-mol.  isoamyl  alcohol  in  liter  was  11  sec,  that  is,  nearly  identical 
with  h  of  alcohol  alone18.  The  relation  between  pH  and  the  foaminess 
(by  a  modified  pneumatic  method)  of  a  mixture  of  0.5  per  cent  oval¬ 
bumin  and  10  per  cent  gelatin  was  almost  identical  with  that  of  0.5 
per  cent  ovalbumin  alone3  . 

As  a  condition  of  displacement,  Quincke106  assumed  the  validity  of 
the  relation 

71.  <  7.  -  7,  (10) 

In  it  7l  is  surface  tension  of  the  binary  solution  A+B,  72  that  of 
A  +  C,  and  712  is  the  tension  along  the  boundary  between  the  film 
consisting  chiefly  of  C  and  the  solution  which  contains  almost  no  C  . 
For  example,  when  ether  breaks  beer  foam,  71  is  surface  tension  o 
beer  72  is  surface  tension  of  beer  whose  surface  is  contaminated  wit 
ether  and  712  is  the  interfacial  tension  between  this  ether-rich  layer 
and  the  bulk  of  beer.  Relation  (10)  is  justified  by  the  following  reason¬ 
ing  When  the  ether-contaminated  surface  increases  y  c  , 
surface  energy  increases  by  72  +  ergs.  At  the  same  time  the  sur- 

ace  of  pure  bee,-  contract*  by  1  cm’,  and  its  surface  energy  decrease 
by  7“  ergs  For  the  process  to  occur  spontaneously  the  decrease  0 
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beer  surface,  reach  values  such  that  72  +  712  <  71  at  a  particular 
spot  of  the  surface,  the  patch  contaminated  with  ether  starts  spread¬ 
ing,  i.e.,  displacement  commences. 

As  mentioned  in  section  51,  some  investigators  believe  that  foam- 
breakers  should  be  used  as  emulsion  droplets.  Perhaps  the  powerful 
action  of  droplets  is  due  simply  to  the  fact  that  in  a  droplet  of  foam- 
breaker  there  is  more  of  this  substance  than  in  a  comparable  volume 
of  its  dilute  solution.  When  the  ether-contaminated  patch  on  the 
beer  surface  expands,  the  ether  concentration  in  the  surface  layer 
decreases,  and  consequently  72  increases.  To  keep  72  +  712  smaller 
than  71,  more  ether  must  be  supplied.  Such  a  supply  of  foam-breaker 
is  facilitated  when  a  store  of  it  is  present  as  droplets  distributed  in 
the  surface. 

Formula  (10)  has  often  been  cited  as  explanation  for  the  destruc¬ 
tion  of  foam  by  antifrothers.  However,  its  quantitative  experimental 
pi  oof  could  not  be  found  in  the  literature.  Often  72  is  identified  with 
the  equilibrium  surface  tension  of  A  -f-  C,  and  term  712  is  neglected. 
Thus  the  rule  emerges  that  more  surface-active  substances  displace 
those  less  surface  active.  Naturally,  when  B  and  C  freely  mix  in  the 

surface  layer,  there  is  no  direct  displacement  and  the  rule  cannot  be 
expected  to  hold. 


Qualitative  determinations  of  the  effect  of  additions  on  the  foam¬ 
ing  capacity  of  sodium  bis-(2-ethylhexyl)  sulfosuccinate  in  triethanol¬ 
amine,  diethylene  glycol,  and  water,  of  an  aromatic  sodium  sulfonate 
in  water  and  of  oleic  acid  in  triethanolamine,  have  been  reported107. 

WnnH?“  tS  7  71!  !?,  lm  (again  C'ualitati're)  data  of  Robinson  and 
Woods  and  of  Pattle‘“  are  in  general  agreement  with  expression 


A  +hB  +  C  r°  that  two  layers 

‘  T u  V  •  system’  the  Naming  capacity  seems  to  depend  above  all 

aeet'o  aeul,  and  benzene  (their  vapor  forming  the  third  phase)  con’ 

(il  t  hfthTneSS  ‘S  °bserved  ®»'y  "'hen  the  total  amount  of  water 

of  the  other  constituertl^  gl[eatly  excewls  the  combined  amounts 

layer  is  much  g“  £n  that  o^h  V?'Ume  °f  thp  a~ 

the  benzene  phase  is  eml  fil  t  UyeT  and'  0,1  shaking, 

contact  with  a  liquid  (dilute  solution  7 Tet^add*  IndT  ^ 
water)  possessing  considerable  capacity  for  ftT^ 
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appear  to  be  a  sufficient  explanation  for  the  foaming  of  mixtures  rich 
in  water,  but  Sasaki  in  addition  postulates  that  the  air  bubbles  formed 
in  the  aqueous  phase  are  lined  with  a  thin  film  of  the  benzene  phase 
which  goes  into  the  air-liquid  boundary  because  its  surface  tension 
is  less  than  that  of  the  aqueous  phase.  Sasaki  believes  also  that  a 
similar  film,  rich  in  benzene,  exists  along  the  interface  between  the 
liquid  and  the  atmosphere  and  that  every  bubble  stopped  under  this 
interface  is  separated  from  the  outside  air  by  a  triple  film  of  benzene 
phase — aqueous  phase — benzene  phase. 


Section  48.  Foam  formation  in  ternary  mixtures.  A  second  solute 
may  affect  the  ease  of  foam  formation  and  thus  simulate  an  effect 
on  the  foaming  capacity. 

If,  as  proposed  in  section  47,  the  dispersion  of  the  upper  (benzene) 
layer  in  the  lower  one  really  is  essential  for  two-phase  systems  to 
foam  when  shaken,  these  systems  would  be  excellent  instances  of  the 
dependence  of  foaminess  on  the  method  of  testing.  In  the  bubbling 
procedure,  used  instead  of  shaking,  air  bubbles  would  rise  through 
the  two  layers  without  causing  any  considerable  emulsification  and 
would  burst  immediately  on  reaching  the  boundary  between  liquid 
and  the  atmosphere,  as  the  benzene-rich  liquid  does  not  froth. 

However,  a  second  solute  can  simulate  an  alteration  of  foaminess 
also  in  the  bubbling  method.  When  the  dimension  of  the  bubbles  is 
not  controlled  by  the  experimenter,  the  second  solute  may  affect, 
bubble  size  at  a  capillary  orifice  or  on  an  extended  surface  (see  section 
12)  This  effect  is  observed  in  the  suppression  of  foam  in  boiling 
liquids  and  may  play  a  part  in  the  destruction  of  foam,  produced  by 
bubbling  air  through  lubricants,  by  polysiloxanes  . 

Foam  volume  remaining  after  shaking  or  whipping  may  >e  ic<  in e< 
by  a  second  solute  if  this  increases  the  viscosity  oi  the  solution  and 
thus  renders  incorporation  of  air  more  difficult  (see  section  -6). 


Section  49.  Glass,  metal,  and  slag  foams.  The  stability  of  these 

foams  has  a  mechanism  different  from  the 

majority  of  the  foams  mentioned  in  the  previous  sections  (see 

Solid  foams  of  glass,  polystyrene,  and  other 
are  used  for  heal  and  sound  insulation  (see  Chapter  14). 
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which  may  cover  the  surface  of  molten  glass  in  glass  furnaces  ap¬ 
parently  has  not  been  investigated  scientifically. 

The  similarity  between  the  grain  structure  of  alloys  and  the  cell 
structure  of  foams  was  emphasized  by  Desch'".  Foaming  of  bearing 
metal  (an  alloy  of  mainly  lead  and  antimony)  containing  copper  and 
iron  was  observed  and  attributed  to  formation  of  (surface  active?) 
high  melting  alloys112. 

According  to  Evans113,  in  open-hearth  furnaces  foaming  was  usually 
connected  with  high  iron  or  high  silica  contents  of  the  slag  or  with 
large  carbon  concentration  in  the  metal.  However,  the  luminosity 
of  the  flame  heating  the  metal  and  slag  from  above  is  said  to  be  more 
important  than  the  chemical  composition.  When  the  flame  is  not 
luminous,  the  lower  strata  of  the  slag  layer  are  supposed  to  be  cool, 
and  stable  foam  results.  Luminous  flame  is  supposed  to  heat  the 
whole  thickness  of  the  slag  layer,  thus  giving  rise  to  more  evanescent 
toain.  According  to  Maibaum114,  blast  furnace  slags  foam  at  1390  to 
1420°  when  they  contain  more  than  35  per  cent  of  silica  or  more  than 

44  per  cent  of  (silica  -f  alumina)  and  less  than  50  per  cent  calcium  ox¬ 
ide. 


Section  50.  The  composition  of  the  gas  phase.  In  principle,  the 
composition  oi  the  gas  phase  of  foams  is  as  important  as  that  of  the 
liquid  phase.  However,  almost  no  systematic  study  of  this  problem 
has  been  carried  out  (see  section  45).  It  appears  that  foam  persistence 
is  smaller  when  the  gas  is  more  soluble  and/or  has  a  greater  diffusion 
coefficient  in  the  .quid  film,  or  when  the  gas  chemically  changes  the 
frother  making  it  less  “active.”  When  the  chemical  change  results  in  a 
more  “active”  frother,  the  gas  yields  a  more  persistent  foam 

he  latter  mechanism  probably  was  responsible  for  the  higher 

rather  than^thT^T  22>  0bserVed  whe"  bubbling  carbon  dioxide 

i7u\omZ  ZSiUe  COagUlati0n  °f  the  protei'>  raised  the  ratio 
to  90  to  -40  sec  as  compared  with  32  to  36  sec  in  air 

he  stability  of  (apparently)  protein  foams  is  said  to  be  less  when 

EBH 

f  •  .  ole  dIttlcult  to  account  for  the  statement  th.,t  tu 

foaminess  of  gelatin  solutions  increases  from  1  ! that  the 

dioxide  to  oxygen82.  air  to  nitl'ogen  to  carbon 
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Clark  and  Blackman1 ’’  investigated  the  effect  of  the  gas  nature  on 
the  specific  surface  of  an  “aluminum  protein  hydrolysate”  foam. 
Specific  surface  is  defined  as  7rS(nidi  +  n2d2  +  .  .  .  );  2  signifies  the 
sum,  and  n\  ,  n2  ,  .  .  .  are  the  numbers  of  bubbles  having  diameters 
d\  ,  d2 ,  .  .  . in  unit  layer  of  foam.  When  air  was  used,  the  specific 
surface  decreased  from  the  original  value  of  about  300  cm  (the  unit 
volume  was  1  cm3)  to  100  cm  in  about  2,500  sec.  This  process  required 
less  than  2,000  sec  in  oxygen  and  less  than  500  sec  in  carbon  dioxide. 
The  specific  surface  was  50  cm  in  oxygen  after  about  5,500  sec  and 
in  carbon  dioxide  after  about  1,000  sec.  The  effects  of  solubility  and 
diffusion  rate  are  probable  also  in  this  instance  (see  also  section  66). 


Section  51.  Foaming  of  emulsions.  With  a  few  exceptions  (sections 
47  and  48),  the  foregoing  stability  data  refer  to  two-phase  systems. 
The  stability  of  three-phase  foams  in  which  the  third  phase  is  solid  is 
discussed  in  Chapter  11.  The  few  data  on  the  persistence  of  foams 
in  emulsions  (two  liquid  and  a  gas  phase)  are  collected  here.  ^  ^ 
It  has  been  stated  that  a  foam  inhibitor  should  be  an  emulsion 
(see  section  47).  Some  polysiloxanes  depress  the  foam  height  (in  the 
pneumatic  method)  of  light  mineral  oil  only  when  used  in  concentra¬ 
tions  exceeding  that  of  saturation94.  This  would  imply  that  emulsions 
do  not  foam.  The  increase  of  foaminess  by  removal  of  suspended 
droplets  (see  section  42)  agrees  with  this  conclusions.  Still  it  cannot, 
be  said  generally  that  frothing  is  incompatible  with  emulsions.  Ihus 
oleic  acid  emulsions  are  stated  to  be  froth  inhibitors  (in  the  production 
of  yeast  on  molasses  broth)  only  when  their  globules  are  between  1 
and  10  u  (i.e.,  10-4  and  10  3  cm)  across  .  Emulsions  of  crude  oil  and 
water  froth  when  heated118.  Cream  is  an  emulsion  which  can  be  con¬ 
verted  into  a  very  stable  foam  (whipped  cream). 

Apparently  the  foaming  capacity  greatly  depends  on  the  type 
emulsion,  either  water-in-oil  (W/O)  or  oil-in-water  (O/W).  In  water- 

benzene  emulsions  stabilized  by  albumm  oarnH.goccurmd.^the 

emulsion  was  O/W  but  was  absent  in  W/O  systems  .  Sasa 
could  prepare  either  O/W  or  W/O  emulsions  m  0  ’  “ 

example.  2.33  cm3  acetic  acid.  3.79  cm  ether  “d  3^88  cm  water  by 
changing  the  details  of  shaking  (see  sect.on  2 

dkl,  and  the  O/W  only  gave 

acid,  benzene,  and  water,  on  the  contrary, 

rise  to  foam. 
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Teitelbaum96  pointed  out  that  emulsification  in  the  surface  layer, 
whose  concentration  is  different  from  the  bulk  concentration  C,  may 
take  place  at  a  C  below  that  of  saturation  concentration  in  the  bulk. 
If  such  a  surface  emulsion  is  present,  the  solution  is  expected  to 
foam  only  when  the  emulsion  is  of  the  O/W  type,  as  otherwise  the 
“oily”  outside  phase  will  reach  the  surface  and  break  the  foam. 
Teitelbaum  considers  this  hypothesis  to  be  in  accord  with  the  tem¬ 
perature  effects  on  the  persistence  of  methanol-mesitylene  foams 
(section  52). 


Foaminess  and  Temperature 


Section  52.  Foam  persistence  usually  is  less  at  higher  tempera¬ 
tures.  A  more  definite  statement  is  not  possible,  as,  in  theory,  tem¬ 
perature  can  affect  foaminess  in  many  different  ways,  and  the  tem¬ 
perature  effects  observed  often  are  sums  of  independent  effects  whose 
magnitude  has  not  been  ascertained  by  experiment.  This  is  particu¬ 
larly  true  of  the  highly  complex  systems  which,  unfortunately,  have 
been  more  often  studied  at  different  temperatures  than  simple  sys¬ 
tems.  In  a  simple  system,  namely  0.05M  aqueous  isoamyl  alcohol, 
the  time  of  collapse  of  foam  (after  shaking)  was  at  50°  by  32  per  cent 
shorter  than  at  18°14. 


The  foam  volumes  (after  shaking)  of  0.25  per  cent  solutions  of 
potassium  oleate,  potassium  laurate,  and  potassium  myristate  were 
identical  at  30°  and  70°33.  The  temperature  dependence  of  the  foam 
volume  of  solutions  of  sodium  alkyl  sulfates  is  treated  in  section  40. 
The  foam  height  (after  pouring)  of  dilute  solutions  of  condensation 
products  of  higher  alcohols  and  ethylene  oxide  was  at  50°  bv  about 
25  per  cent  greater  than  at  20o52a. 

When  25  cm'  of  1  per  cent  gelatin  (containing  10  per  cent  peptones) 
solution  was  shaken  at  20,  40,  50,  60,  70,  80,  90,  and  100°,  the  foam 
height  was  30.0  25.5,  20.0,  15.0,  13.0,  11.0,  5.5,  and  3.5  arbitrary 
units,  respectively  There  are  data  on  the  temperature  coefficient 
ot  loaminess  of  other  protein  solutions119*,  milk120'121'121*  hnnev122 
eggs  ,  beer12*,  sulfite  liquor129,  and  so  on.  ’  ’ 

theThigherThe0tei’  (S6etSeCtion  28>  of  hydrocarbon  oils  was  smaller 

Us  S  at  im^  61  f°r  eXamP'e’  32  mm'  at  26°  a»d 

hydrocarbon  oi^de  !“  L™utman’s  experiments91  foaminess  of 
150°  bu t  oils  t  dteCrCaSed,"'hen  temperature  was  raised  from  24  to 

“  iempera  ure  Th'Tf frothed  at  hi«h  than  at 

temperature.  The  lifetime  of  a  single  bubble  (diameter  0  3  cm) 
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of  an  eqnimolecular  mixture  of  nitrobenzene  and  hexane  was  12  sec 
at  0°  and  7  sec  at  10o95a. 

Fig.  29  demonstrates  how  complex  the  influence  of  temperature  on 


Temperature 

Figure  29.  Effect  of  temperature  on  the  time  of  collapse  of  mesitylene-metha- 
nol  foams.  Figures  at  the  curves  are  molecular  percents  of  methanol.  From 

Kolloid.  Zhur.,  12,  381  (1950). 


foaminess  can  be96.  Temperature  is  plotted  along  the  abscissa;  the 
ordinate  is  the  time  of  collapse,  t,  after  shaking;  and  the  percentages 
at  the  curves  mean  the  molecular  per  cent  of  methanol  in  its  mixtures 
with  mesitylene.  The  existence  of  maxima  of  t  is  a  striking  feature 
of  the  curves.  It  is  possible  that,  in  other  instances,  such  maxima 
may  be  brought  about  by  a  tug-of-war  between  two  viscosity  effects 
decrease  of  viscosity  at  higher  temperatures  would  augment  the 
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volume  of  foam  produced  by  a  standard  shaking  (see  section  26) 
and  at  the  same  time  reduce  the  lifetime  of  every  film  (see  section 
102).  If  the  first  effect  exceeds  the  second  at  low,  and  is  exceeded  by 
it  at  high,  temperatures,  a  maximum  of  t  may  result.  However,  in 
the  instance  of  Fig.  29  the  low  values  of  t  at  temperatures  below  the 
maximum  undoubtedly  are  related  to  solubility.  The  30  per  cent 
and  the  50  per  cent  solutions  form  two  layers  a  few  degrees  below 
0°,  i.e.,  at  the  temperatures  at  which  their  t  becomes  very  small. 
The  74  per  cent  system  is  heterogeneous  below  —12°,  i.e.,  at  the 
minimum  of  t.  The  two-phase  systems  containing  30  and  50  per  cent 
methanol  did  not,  and  the  two-phase  system  containing  74  per  cent 
methanol  did  foam,  perhaps  because  the  former  gave  rise  to  methanol- 
in-mesitylene  and  the  latter  to  mesitylene-in-methanol  emulsions 
(see  section  51). 
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FOAM  DRAINAGE 


Section  53.  The  rate  of  drainage  of  a  foam  has  often  been  used  as 
measure  of  “foaming  capacity,”  “foaming  power,”  and  so  on.  In  this 
book  it  is  treated  in  a  chapter  apart,  separately  from  foam  stability,  to 
emphasize  the  fact  that  drainage  and  persistence  of  foams  are  en¬ 
tirely  different  phenomena. 

Foam  exists  as  long  as  the  films  constituting  it  exist.  This  state¬ 
ment  is  in  agreement  not  only  with  the  definition  of  section  1,  but 
also  with  the  use  of  the  word  foam  in  daily  life.  When  foam  on  beer,  on 
a  seashore,  on  boiling  milk,  etc.,  is  mentioned,  no  minimum  thickness 
of  the  lamellae  is  implied.  Drainage  is,  first  of  all,  thinning  of  the 
foam  lamellae  without  any  rupture.  If  the  foam  is  very  stable,  this 
“pure  drainage”  can  be  measured  directly.  It  is  true,  however,  that 
in  the  usual  methods  for  the  determination  of  drainage,  the  liquid 
originating  from  unbroken  lamellae  cannot  be  differentiated  from 
that  yielded  by  ruptured  films.  Thus  usually  the  liquid  leaving  the 
foam  has  two  distinct  origins  and  no  definite  physical  significance. 


Section  54.  All  procedures  for  measuring  the  rate  of  drainage  are 
similar.  Foam  is  produced  by  bubbling  or  agitation  and  then  left 
alone,  and  the  liquid  which  collects  under  the  foam  column  is  meas- 
\  ured  by  weight  or  volume  at  one  or  at  different  times. 

Fig  30  illustrates  an  apparatus1  which  was  popular  in  Germany. 
It  is  a  flask  consisting  of  a  bulb  (1,900  cm3  capacity),  a  connecting 
tube  (50  cm3),  ami  another  bulb  (SO  cm3).  100  cm3  of  liquid  are  shaken 
in  it  for  30  sec,  then  the  flask  is  placed  with  the  smaller  bulb  down, 
and  the  liquid  volume  is  read  after  3  min.  Call  this  volume  a  cm  , 
then  100  -  ic  is  the  “foam  number.”  In  another  variant  a  smaller 
flask  (total  volume  100  cm3)  was  used  and  the  liquid  volume  was  rea 

^‘iil  thlT'Var.sberg  method”  of  determining  the 

of  beer3  “the  foam  is  formed  in  a  natural  way,  uz.,  y 

of  the  beer”  The  foam  is  allowed  to  drain,  anti  the  liquid  is  collected 

after  2  min  (volume  o)  and  after  10  minutes  (volume  fc);  then  'h 

remaining  foam  is  destroyed  and  the  resulting  liquid  measured  (v  - 
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ume  c).  The  ratio  100(6  +  c)/(a  +  6  +  c)  is  designated  the  total 
foam  or  the  total  head,  and  the  ratio  100  c/(a  +  6  +  c)  is  the  residual 
foam  or  the  residual  head. 

In  a  modification  of  this  procedure3*  beer  is  saturated  with  carbon 
dioxide  under  pressure,  the  pressure  is  released,  and  the  foam  formed 


Figure  30.  A  flask  for  determining  the 
rate  of  drainage  (“foam  number”)-  From 
Seifevsieder-Ztg.,  41,  347  (1914). 


:  ssrir^  r  s- 

w./a1,owed\oTa;:;tra1ruVT,tPPmg'  ?e“«  °f  foam 

waa  M2,  the  ratio  100 
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A  process  intermediate  between  agitation  and  bubbling  was  used 
for  soap  solutions6.  Air  was  introduced  into  the  solution  (volume  Vi) 
through  a  horizontal  tube  rotating  about  a  vertical  axis  and,  pre¬ 
sumably,  was  broken  to  smaller  bubbles  by  the  agitation.  The  stirring 
was  continued  for  2  min.,  which  time  presumably  was  sufficient  to 
transfer  the  whole  of  the  liquid  into  foam.  Then  the  system  was  left 
alone  for  1  min.,  and  the  volume  collected  (V2)  was  measured.  The 
ratio  100  (Vi  —  Vi)/Vi  is  “the  foam  power.” 

The  pneumatic  method  of  foam  making  (see  section  21)  was  ap¬ 
plied,  for  example,  to  vegetable  and  animal  oils6.  100  cm3  of  air  were 
bubbled  through  25  cm3  of  oil.  This  usually  resulted  in  complete 
transfer  of  oil  into  the  foam.  Then  the  air  current  was  stopped,  and 
the  time  determined  for  12.5  cm3  of  oil  to  collect  under  the  foam.  This 
time  was  the  “half-life”  of  the  foam. 

All  the  above  methods  for  the  determination  of  the  rate  of  drainage 
are  suitable  for  crude  comparisons  only.  The  arbitrariness  of  basing 
the  final  result  on  the  volume  drained  out  after  3,  1,  or  10  min.,  an 
hour,  etc.,  is  obvious.  However,  even  more  serious  is  the  absence  of 
information  on  the  changes  produced  in  the  rate  of  drainage  by  vary¬ 
ing  the  shape  and  dimension  of  the  apparatus  employed,  the  details 
of  agitation  or  bubbling,  the  amount  of  liquid  used,  and  so  on.  It  is 
often  assumed  that  if  the  same  apparatus,  same  rate  of  stirring,  etc., 
are  employed  for  different  liquids,  the  figures  obtained  are  strictly 
comparable.  This  assumption  is  not  warranted  (see,  e.g.,  section  26). 
In  the  pneumatic  method  the  influence  of  the  rate  (u)  of  gas  flow  on 
the  foam  height  ( h )  is  circumvented  by  using  the  ratio  h/u  as  a  meas¬ 
ure  of  foaminess.  The  rate  of  drainage  of  pneumatic  foam  also  de¬ 
pends  on  u ;  soap  foams  lose  solution  quicker  the  greater  u  is  .  No 
correction  for  this  effect  has  been  suggested. 


Section  55.  The  methods  reported  in  section  54  can  be  improved 
by  measuring  the  volume  V  of  liquid  separated  from  foam  after 
several  time  intervals  and  representing  V  as  function  of  time  *  eith 
as  a  curve  or  by  an  equation.  Curve  b  of  Fig.  15,  section  28,  and  F,g. 
31  are  examples  of  such  functions;  see  also  ref.  7. 

The  values  represented  in  Fig.  31  have  been  obtained  in a ^pecia 

apparatus8  (see  Fig.  32).  A  glass  bulb  carries  a  graduated  tube  at  t, 

bottom,  a  connection  to  vacuum  line  in  a  side  wa  l  and  a ^ntocd 
glass  funnel  at  the  top.  The  liquid  slowly  drops  onto  the  funnel  and 
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is  transformed  into  foam  by  the  air  sucked  into  the  bulb  through  the 
porous  glass  plate.  When  10  cm'1  of  the  liquid  are  thus  transferred 
into  foam,  the  vacuum  connection  is  severed  and  the  liquid  flows 
into  the  graduated  tube  where  its  volume  is  read  from  time  to  time. 
In  Fig.  31  the  abscissa  is  time,  and  the  ordinate  represents  the  volume 
of  liquid  in  the  tube,  divided  by  the  original  volume  F0  (i.e.,  10  cm3). 


SaP°ni"  S0‘Uti0nS’  0  2  and  2  <**  ce»L  “e  shown  in  the 
gu  e.  1  he  two  curves  are  verv  similar  hut  all  nL  • 

solution  take  eight  times  as  many  minutes  as  Il  o  o'neT  “  f  7 

Unfortunately,  the  viscosity  of  these  Iicmids  has  „„t  ?  solution. 

It  is  seen  that  the  rate  of  drainage  < dV/dh  fw  bee"  determined. 

remained  constant ~ (between  the  volume  ratiL'T/Tou'' a  Jn'° 

-avmr  to  syneresis  of 
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foams.  The  variation  of  dV/dt  with  t  is  explained  on  the  assumption 
that  the  liquid  exuded  originates  from  ruptured  bubbles,  i.e.,  is  not 
due  to  drainage  proper.  It  is  further  assumed  that  bubbles  start 
bursting  at  the  top  of  the  foam  column.  The  liquid  liberated  by  this 
bursting  takes  time  to  reach  the  bottom  tube;  this  would  account 
for  the  increase  of  dV/dt  in  the  first  stage  of  collapse.  The  decrease 
of  dV/dt  in  the  third  stage  is  attributed  (a)  to  the  obvious  reason 


Figure  32.  An  apparatus  for  producing 
foam  and  measuring  its  rate  of  drainage. 
Liquid  drops  from  D  onto  sintered  glass 
filter  C  and  is  transformed  into  foam  by 
air  sucked  through  C  into  A  by  means 
of  a  vacuum  pump  attached  to  E.  Then 
the  foam  is  allowed  to  drain,  and  the 
volume  drained  is  read  in  capillary  B. 
From  J .  Phys.  Chem.  ( U.S.S.R. ),  10,  32 
(1937). 


that  there  is  less  foam  left  to  collapse,  and  (b)  to  the  stabilization  of 
foam  caused  by  the  gradual  increase  in  the  saponin  concentration 
(the  liquid  exuded  contains  less  saponin  than  the  original  liquid,  see 
section  104).  During  the  third  stage  of  the  process  1  /to  1  e  • 
The  value  of  the  constant  *  was  0.018  min.-'  for  2  per  cent  so  ut.on 
and,  as  would  be  expected  from  Fig.  31,  eight  times  as  great  (0.144 


min."1)  for  0.2  per  cent  solution. 

A  maximum  of  the  rate  of  drainage  at  some  middle  value  of  V/Vn 
is  dearly  visible  also,  for  example,  in  the  curves  published  by  Bar 
more9  for  egg  white  foams  produced  by  whipping  with  a  kitchen 


mixer. 
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Table  7  assembles  some  mathematical  expressions  for  the  volume 
V  exuded  during  time  t  and  for  the  rate  of  drainage  dV/dt.  The  origi¬ 
nal  volume  of  liquid  in  the  foam  is  V0. 

The  first  line  of  equations  implies  that  the  rate  of  drainage  at  any 
moment  is  proportional  to  the  amount  of  liquid  still  present  in  the 
foam  or,  in  other  words,  that  drainage  is  a  first-order  reaction.  The 
equation  of  Erbring  (12)  is  that  of  a  rectangular  hyperbola.  It  can¬ 
not  be  correct  as  it  requires  volume  V  to  be  negative  when  t  is  very 


Table  7.  Equations  for  the  Rate  of  Drainage 


Volume  Exuded  ( V ) 

Rate  of  Drainage 

References 

V  = 

T0(l 

-  e~kt) 

(ID 

dV 

dt 

=  kV0e~kt  =  k(V o  - 

T)  8, 10, 11 

To  - 

1 

(12) 

dV 

1 

T  = 

kt 

dt 

-  -  Hv°  ~  ” 

12 

1 

1 

(13) 

dV 

(To  ■ 

-  T)2 

-  V f  -  2kt 

dt 

=  k(V o  -  TO3 

13 

V  = 

T0(l 

-  e-*V7) 

(14) 

dV 

dt 

kV o 

=  ^  r  e-kVt  = 

2  Vt 

14 

kKV o  -  V ) 

Vo  - 

T  - 

a  log  (T0  —  V)  +  b  =  kt 

(15) 

2  In  [Vo/ {Vo  - 

T)] 

1  ^ 

dV 

k(V o  -  V) 

dt 

&  To  T  T 

small.  The  differentiated  form  of  the 
tegrated,  leads  to  expression 


equation,  when  properly 


in- 


y  —  Fo^t/U  +  K0  kt) 

as  the  function  between  V  and  t,  which  is  entirely  analogous  to  the 

Se  aThhd  :rd-°rr  reaCti0nS'  EqUati°n  (13)  would  make  drain- 
age  a  third-order  reaction.  It  is  intended  to  be  valid  for  drainage 

t  =  0  and  V  =  0-  obvinn  K,t  the  start  of  the  experiment  when 

to  later  stages  only  The  arhif  *  e<l"atl0n  Can  be  aPPlicable,  if  at  all, 
g  only.  I  he  arbitrary  constant  b  in  equation  (15)  can 
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readily  be  eliminated.  The  equation  obtained 


-  V  4-  a  log  V°  =  kt 

t0  —  r 


becomes  identical  with  the  first-order  reaction  if  the  second  term 
on  the  left-hand  side  is  much  greater  than  the  first.  If  the  second 
term  is  much  smaller  than  the  first,  the  volume  exuded  would  de¬ 
crease  in  time,  which  is  not  possible.  For  theoretical  deduction  of 
equation  (15),  see  section  56. 

The  “average  lifetime  of  liquid  in  foam”  was  defined16  as 


(see  section  28).  It  naturally  is  related  to  constant  k  of  equations  (11) 

to  (15).  For  example,  if  equation  (11)  is  valid,  then  L\  =  - - .  If  half 

the  liquid  initially  present  in  foam  has  drained  within  T\  seconds,  T\ 
is  the  half-life  time  of  the  foam.  It  also  is  related  to  k.  If,  again,  equa- 

•  /  \  •  rr  0.693 

tion  (11)  is  valid,  ii  =  — —  • 

According  to  Brenner  et  al.3*,  the  curve  of  V  versus  t  (for  beer) 
consists  of  two  parts.  The  first  part  is  linear  and  corresponds  to 
“pure  drainage”  (section  53),  while  the  second  is  an  exponential 
curve  and  due  to  coalescence  and  bursting  of  bubbles. 


Section  56.  The  mechanism  of  drainage  was  described  by  Pla¬ 
ced7  Tf  the  foam  film  is  not  horizontal,  the  liquid  drams  because  of 


FOAM  DRAINAGE 


105 


A  satisfactory  calculation  of  the  rate  of  drainage  due  to  gravitation 
would  be  possible  if  we  knew  the  geometry  of  the  capillary  system 
in  which  the  movement  takes  place.  As  this  knowledge  is  not  available, 
assumptions  must  be  made.  Gibbs18  treated  the  foam  as  a  slit  between 
two  immovable  parallel  plates.  The  mean  velocity  of  descent  in  such 
a  slit  is 


u  =  pgs2/  12v  (16) 

il  p  is  the  density  of  the  liquid  (minus  that  of  the  gas),  g  the  accelera¬ 
tion  due  to  gravity,  8  the  distance  between  the  plates,  and  v  the 
viscosity  of  the  liquid.  For  water  at  20°  this  velocity  is  8,170  8 2  cm/sec, 
8  being  in  cm.  In  a  film  10~4  cm  thick,  water  would  flow  at  the  rate 
of  about  8  X  10  5  cm/sec. 

A  better  approximation  was  made  by  Brady  and  Ross13.  When 

liquid  drains  from  a  foam  film,  the  film  thins.  Thus  the  parallel  plates 

between  which  the  descent  takes  place  are  not  immobile;  their  mutual 

distance  may  be  assumed  to  be  proportional  to  the  liquid  content  of 

the  toam,  i.e.,  to  V0  -  V.  If  H  is  the  height  and  L  the  width  of  the 

plates, _then  the  volume  of  the  slit  and  of  the  liquid  filling  it  is  HL  8, 

i.e  8  =  (V0  -  V)/HL.  The  volume  rate  of  flow  between  two  parallel 
walls  is 


dV  _  Lpgb3 

dt  ~  ~12V  (17) 


(see  equation  (16)).  Introduction  of  8  from  the 
yields 


preceding 


equation 


dt 


12VH3L2 


(18) 


Hence,  constant  k  in  equation  (13)  is  pa/12n  H6T2  Tt 

.  is  e°nSt  t  houW  be mveJly 

cits- No  confirmation  °f  couid 

and  a  wa^edPittaUhot°  ",  *  ^  °f  Cyli"d™al  capillaries, 

with  a  meniscTllh exert  ' *  “  “  “Ch  Capi"a^  is  capped 

Of  gravitation15.  Unfortunately  n  modifyinS  the  effect 

surface  films  in  a  foam  hmpllV  ,  ^  bmi  Seen  between  the 

postulated  is  doubtful.  Some  additional  °  eX1Stence  of  the  me»isci 

arrive  from  the  hypothesis  Tatw  assumP^ons  are  needed  to 

Hypothesis  stated  to  equation  (15).  The  pull  exerted 
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on  the  liquid  by  the  capillary  pressure  acting  along  Plateau’s  borders 
is  not  considered  in  this  theory  either. 

The  comparison  of  foam  network  with  a  bundle  of  cylindrical 
capillaries  may  be  less  inexact  than  appears  at  first  glance.  The  edges 
between  three  adjacent  bubbles,  i.e.,  the  liquid  veins  consisting  of 
three  Plateau’s  borders,  have  a  shape  nearer  to  a  cylinder  than  to  a 
flat  slit.  A  fraction  of  the  liquid  descending  in  a  foam  passes  inside  the 
thin  lamellae  while  the  rest  moves  with  the  just  mentioned  liquid 
veins.  The  relative  importance  of  these  two  fractions  has  not  been 
studied.  If  the  driving  pressure  is  identical  in  both  cases,  the  first 
fraction  would  be  proportional  to  L53/ 12,  if  L  is  the  width  of  lamella 
between  two  Plateau’s  borders,  i.e.,  approximately  the  diameter  of 
the  bubble,  and  the  second  to  7rr4/8,  r  being  the  radius  of  the  liquid 
vein.  The  flow  along  the  veins  is  more  important  than  the  flow  inside 
the  lamellae  if  r  >  5(2L/3ir5)1/4.  If,  for  example,  L/8  is  10,000,  r  must 
be  greater  than  1.25.  This  condition  is  likely  to  be  satisfied  by  many 
foams. 

Whatever  the  shape  of  the  capillary  space  along  which  the  liquid 
drains,  the  linear  velocity  of  drainage  should  be  proportional  to  the 
square  of  the  smallest  dimension  of  this  space  and  inversely  pro¬ 
portional  to  viscosity.  Brady  and  Ross  demonstrated  that  k  in  equa¬ 
tion  (11)  was  inversely  proportional  to  viscosity  when  seven  lubri¬ 
cating  oils  were  compared  at  several  temperatures.  However,  no 
convincing  proof  could  be  adduced  for  the  identity  of  8  or  r  in  all 
these  foams  (see  also  section  60). 


Section  57.  The  progress  of  drainage  in  a  horizontal  film,  in  which 
the  suction  bv  Plateau’s  border  is  the  only  driving  agent  can  be 
calculated  if  this  suction  (P.  dynes/cmJ;  the  subscript  c  is  for  capil¬ 
lary)  does  not  vary  during  the  thinning  of  the  fi  m  ,  i.e.  if  the  radius 
of  curvature  of  the  border  is  independent  of  him  thickness.  If 
center  of  a  circular  liquid  plate  is  subjected  to  pressure  zero  while  the 
pressure  around  the  edge  of  the  plate  is  Pc,  t  en 

1  J_  _  4Fe_l  (19) 

-  5l2  -  3rja2 

fsee  eg  ref  19).  In  this  equation  t  is  time  required  for  the  Him 
hickness’  to  diminish  from  i,  to  5, ,  a  is  the  radius  of  the  plate,  an 
‘  the  viscosity  of  the  liquid.  Film  thickness  decreases  from  fc  to  6, 
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when  the  liquid  volume  V  =  vra2(Si  —  S2)  has  flowed  away.  Hence, 
the  relative  amount  of  drainage  is 


V 


Vo 


=  1 


(20) 


If  two  foams  are  compared  after  time  t,  the  relative  loss  of  liquid  is 
greater  the  greater  the  ratio  PcSi2/Sva,  i.e.,  not  only  the  thicker  the 
film  but  also  the  smaller  its  area. 


Section  58.  there  are  no  data  on  the  rate  of  drainage  available 
for  simple  systems  such  as  aqueous  alcohols,  as  the  lifetime  of  their 
foams  is  too  short. 

For  soaps  it  was  found  that  the  “foam  number”  after  3  minutes 
(see  section  54)  increased  from  sodium  linoleate  to  sodium  stearate 
to  sodium  palmitate  to  sodium  oleate  to  sodium  laurate  and  had  the 


greatest  value  for  sodium  myristate.  Potassium  soaps  had  greater 
“foam  numbers”  than  sodium  soaps.  Sodium  chloride  and  glycerol 
retarded  the  drainage  of  these  foams20.  It  can  be  interpolated  from 
the  values  reported  by  Merril  and  Moffett7  that  the  time  Tl  for  half 
the  liquid  in  the  foam  to  drain  was  about  90  sec  for  0.1  per  cent  (im¬ 
pure)  sodium  oleate  and  about  20  sec  for  0.1  per  cent  sodium  laurate, 
i.e.,  the  drainage  was  less  rapid  in  oleate  solutions,  contrary  to  the 
observations  by  Godbole  and  Sadgopal. 

For  a  commercial  soap,  7\  rapidly  increased  with  concentration. 
When  the  solution  contained  0.1,  0.2,  and  0.4  per  cent  fatty  acid 
(as  soap),  7\  was  11  sec,  30  sec,  and  105  sec,  respectively2'  The 
oam  power  (section  54)  of  three  commercial  soaps  in  0.1  per  cent 

with  aT  The  *°h  80  "  he”  'he  SOlUti0'‘S  had  110  Pronged  contact 
W  When  50  Z2  ?  "7  '°  '°  30  storin*  »  air  for  a  day  or 

•  hen  o0  cm  of  a  solution  containing  0.12  per  cent  fattv  acids 

(as  soap)  wan  shaken  and  allowed  to  drain,  the  volume  of  liquid  re- 
maming  m  the  foam  was  after  1  min  94.  in  qq  3  i  i 

was  kept  in  a  closed  vesse  and  To  to  12  cm’  7  "7’'  7  S°h,tion 
k  used  to  produce  foam  is  slow,  the  major  pari  of  the 
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drainage  curve  ( V  against  t)  conforms  to  this  equation;  only  at  the 
beginning  is  the  drainage  too  rapid  and  at  the  end  too  slow.  This  was 
the  case  for  0.025  to  0.1  per  cent  solutions  of  sodium  bis(o;-ethyl- 
hexyl)  sulfosuccinate  and  0.1  to  0.4  per  cent  solutions  of  dodecane- 
sulfonic  acid.  The  values  of  k  were,  for  example,  0.005  sec-1  for  0.1 
per  cent  of  the  sulfosuccinate  and  0.004  sec-1  for  0.1  per  cent  sulfonic 
acid.  Sodium  lauryl  sulfate  foams  seem  to  drain  more  slowly.  It 
appears  from  the  drainage  curve  of  0.2  per  cent  solution  that  k  would 
be  about  0.001  sec-1  in  this  instance23.  Also  this  foam  was  made  by 
bubbling.  Analogous  tests  on  the  sodium  salts  of  the  sulfates  of  the 
other  dodecanols  showed  that  the  2-dodecanol  derivative  drained 
more  rapidly  than  the  sodium  lauryl  sulfate  (which  belongs  to  1-do- 
decanol),  while  the  derivatives  of  3-,  4-,  5-,  and  6-dodecanol  had  an 
even  greater  rate  of  drainage,  almost  identical  for  these  four  isomers. 
The  rate  of  drainage  of  0.2  per  cent  sodium  lauryl  sulfate  solution  was 
smaller  also  than  those  of  0.2  per  cent  solutions  of  dodecylamine 
hydrochloride,  N ,N-diethyldodecylamine  hydrochloride  and  N,N- 
diethanoldodecylamine  hydrochloride;  the  curves  for  these  three  salts 
were  almost  coincident. 

Values  found  for  the  rate  of  drainage  of  synthetic  detergents  over¬ 
lap  those  valid  for  soaps.  Thus  the  time  required  for  40  cm  liquid  to 
exude  from  a  foam  column  containing  /0  cm  liquid  was  27  sec  foi 
sodium  laurate,  96  sec  for  technical  sodium  octadecenyl  sulfate,  122 
sec  for  (impure)  sodium  oleate,  131  sec  for  sodium  bis(a-ethylhexyl) 
sulfosuccinate,  and  138  sec  for  a  sodium  “alkyl  arylsulfonate,”  all 
in  0.1  per  cent  solution  . 


Section  59.  The  work  by  Arbuzov  and  Grebenshchikov  on  drain- 
ajre  of  saponin  foams  was  discussed  in  section  55.  The  considerable 
acceleration  of  drainage  caused  by  tenfold  dilution,  as  observed  by 
these  authors,  was  not  confirmed  by  Gray  and  Stone  who  foun 
in  equation  (11)  to  be  about  0.0035  to  0.004  sec  for  all  solutions 
between  0.1  and  2  per  cent.  The  concentration  dependences  not 
very  marked  also  in  more  dilute  solutions  .  1  hus  the  percentage  o 
liquid  remaining  in  the  foam  after  1  min.  was  40  per  cent  m  0.  pe 
cent  and  19  per  cent  in  0.01  per  cent  digitonm  solution.  In  0.1  per 
cen  solution  this  percentage  little  depended  on  the  nature  of  saponin 
X  for  example,  in  0.02  per  cent  solution  is  decreased  from  guaiac 
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saponin  to  digitonin  to  commercial  saponin  to  cyclamin  to  quillaja 
saponin2. 

Not  only  the  absolute  rate  but  also  the  relative  rate  of  drainage  of 
0.1  per  cent  saponin  solution  increased  with  the  wetness  of  the  foam. 
A  foam  containing  3.2  cm"  liquid  in  100  cm"  lost  half  its  water  within 
30  min.,  while  the  separation  of  half  the  liquid  from  a  foam  contain¬ 
ing  13  cm"  liquid  in  100  cm'1  required  less  than  9  min.2’.  Such  behavior 
is  consistent  with  the  theories  discussed  in  section  56.  The  rate  of 
drainage  of  0.4  per  cent  saponin  foam  was  not  altered  by  placing  the 
foam  under  the  pressure  of  100  cm  of  mercury26. 

Constant  k  calculated  on  assumption  of  the  validity  of  equation 
(11)  was  almost  independent  of  concentration  (0.1  to  2  per  cent)  also 
for  egg  albumin  (k  was  about  0.0055  sec~ x)  and  peptone  (k  was  0.01 
approximately);  it  increased  with  concentration  in  the  just  men¬ 
tioned  interval  from  0.01  to  0.017  sec~!  in  the  instance  of  gelatin24. 

Data  exist  on  the  drainage  of  foams  of  alkaline  lignin  solutions12 
and  of  soaps  made  from  the  sulfate  liquor  of  wood  pulp  manufacture27. 


Section  60.  Equation  (11)  was  found  valid  for  beer  foam10  and 
was  used  without  proof  also  for  wine  foam28.  The  drainage  of  wine  is 
more  rapid  (k  is,  for  example,  0.03  sec-1)  than  that  of  beer  whose  k 
is  0.009  to  0.010  sec  or  0.003  sec-1 3. 

These  values  were  observed  when  the  gas  bubbling  through  beer 

was  carbon  dioxide.  The  rate  of  drainage  was  less  when  other  gases 

were  used  1  hus  constant  k  in  the  instance  of  nitrogen  was  one-quarter 

Rifv  mstance  of  carbon  dioxide10.  According  to  Helm  and 

Kichardt  the  ratios  of  k  for  m  ti  o  m  j  • 

0  34-0  28-0  97  m  ,  2’  °5’  N*  and  alr  were  1:0.41: 

-0-28-0-27-  n"‘  authors  point  out  that  the  order  of  gases  in 

‘wlr1  ™th  that  °f  ,he  product  (coefficient  of 

the  more  ranh  he’ V  /  f“  ^  SeCti°n  66)' In  other  words: 
r-ite  of  l  P  d  thi  transfer  °f  gas  across  foam  the  greater  the 

ferent  gases  are  not  like  v  “  drainage  proper)  since  dif- 

right-hand  term  of  equation  (17  T'T  th5..VaIues  rePresented  in  the 
57.  However  such  a  statement  w  *  u  ‘  ^  equatlon  (20>-  see«oo 

- — - 


110  FOAMS:  THEORY  AND  INDUSTRIAL  APPLICATIONS 


by  gum  arabic  and  albumin  and  accelerated  by  lilt  rat  ion  this  can 
be  accounted  for  by  the  effect  of  additions  on  viscosity  77  in  the  just 
mentioned  equations.  The  rate  of  drainage  of  beer  is  greater  at  20° 
than  at  10°;  this  also  would  agree  with  the  above  equations  as  vis¬ 
cosity  of  beer  decreases  with  increasing  temperature.  The  “total 
head”  of  beer  (section  54)  is  a  linear  function  of  its  content  of  carbon 
dioxide". 

Drainage  of  egg  white  foam  produced  with  a  kitchen  mixer  was 
smaller  when  the  viscosity  of  the  liquid  exuded  was  greater9.  However 
the  product  of  dV/dt  and  r?  was  not  constant.  For  example,  dV/dt  was 
augmented  fivefold  when  rj  decreased  in  the  ratio  1 :0.56.  According  to 
section  56,  dV/dt  should  rapidly  increase  with  the  thickness  of  the 
films  in  which  drainage  takes  place.  The  experimental  results  seem 
to  contradict  this  expectation.  The  density  of  the  foams  was  gradually 
reduced  by  continuous  whipping;  thus  it  was,  for  example,  0.14  g/cm 
after  1  min.  and  0.10  g/cm3  after  5  min.  beating.  Lighter  foams 
contain  less  liquid  and  might  be  expected  to  consist  of  thinner  films; 
however  drainage  was  more  rapid  in  these  systems.  Perhaps  the  ob¬ 
servation  that  foams  beaten  for  a  longer  time  were  made  up  of  smaller 
bubbles  supplies  the  explanation.  If  there  are  more  bubbles,  there 
are  more  liquid  veins  in  Plateau’s  borders;  and  if  the  bubbles  are 
smaller,  the  distance  between  the  nearest  Plateau’s  borders  is  smaller; 
the  first  factor  would  widen  the  path  open  to  the  draining  liquid  and 
the  second  factor  would  enhance  the  force  driving  it.  If  drainage 
proceeded  along  the  films  rather  than  veins,  equation  (20)  might 
account  for  Barmore’s  observations.  In  less  dense  foams  5,  was  smallei, 
but  a  (i.e.,  bubble  radius)  was  smaller  still,  thus  making  the  ratio 
5,7a2  greater  than  for  denser  foams.  This,  in  accord  with  (20),  im¬ 
plies  a  greater  ratio  1/1 0  ,  .  , 

\mong  nonaqueous  liquids,  lubricants  “  and  vegetable  and  amma 

oils  have  been  studied.  The  half-life  7’,  (section  55)  of  o, Is  ranged 
from  53  min.  for  a  lecithin-containing  soybean  oil  and  a  chestn^ 
oil  to  less  than  3  min.  for  hayfish  oil;  the  foam  was  made  by ^bubblmg  . 
Purification  of  oil  reduced  T„  and  addition  of  lecithm  extended  it. 
Different  gases  were  compared  using  a  sample  o  insee  >  1 

/I  foun/to  be  36,  36,  31,  and  22  min.  for  air,  -^  ^2 
•md  carbon  dioxide,  respectively.  As  in  the  instance  of  beer,  the  rate 
of  drainage  increased  from  nitrogen  to  hydrogen  to  carbon  dimnde, 

although  the  differences  were  less  maiked.  -  ' 

oils  it  is  not  known  why  the  nature  of  the  gas  is  so  important. 
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Section  61.  Very  little  is  known  concerning  the  relation  between 
persistence  of  a  foam  and  its  experimental  rate  of  drainage.  As  men¬ 
tioned  in  section  53,  a  definite  relation  cannot  be  expected  as  long  as 
the  measured  drainage  is  “pure  drainage,”  not  complicated  by  rupture 
of  the  bubble  walls.  In  particular  when  the  rate  of  drainage  is  deter¬ 
mined  above  all  by  the  viscosity  of  the  descending  liquid,  persistence 
will  not  go  hand-in-hand  with  the  time  of  retention  of  liquid  in  the 
foam. 

Lederer"’1  compared  the  time  of  collapse  tx  (section  29)  and  the  half¬ 
time  of  drainage  T\  of  foams  produced  by  bubbling  air  through  solu¬ 
tions  of  commercial  detergents  and  soaps.  In  all  instances  t\  was  much 
greater  than  T\.  For  example,  for  the  three  soap  solutions  mentioned 
in  section  58,  was  longer  than  4  hours  while  Tx  was  11  to  105  sec. 
There  was  no  definite  ratio  between  h  and  Th  and  the  order  of  solu¬ 
tions  according  to  increasing  values  of  7\  was  different  from  the 


series  arranged  according  to  increasing  0  values.  For  instance,  T\ 
was  1“  sec  f°r  both  0.05  and  1  per  cent  solutions  of  “Igepon  A”  (a 
synthetic  detergent)  while  the  corresponding  t\  were  0.5  and  2  hours, 
respectively. 

The  most  persistent  bubble  (see  sections  19  and  38)  of  0.1  per  cent 
(impure)  sodium  oleate  existed  for  as  many  seconds  as  were  required 
for  25  per  cent  of  the  liquid  to  drain7.  This,  of  course,  would  be  im¬ 
possible  if  in  both  procedures  equal  foam  volumes  were  compared 
Actually,  however,  the  amount  of  foam  used  for  persistence  measure¬ 
ments  was  a  small  fraction  (presumably  less  than  1  per  cent)  of  the 
amount  employed  for  drainage.  It  is  unknown  whether  this  fraction 
constant  for  different  solutions  or  was  one  of  the  reasons  for  the 

m/0110™8  figUreS-  The  bubble  P— ten- 

75  per  cent  A  8  pe,'centa«es  of  «<!“<*  exuded:  about 

,,  ,  PCT  Cen*  f01, 01  f>er  cent  sodmm  laurate,  about  23  cent  f 

0.  per  cent  sodium  bis(a-ethylhexyl)  sulfosuccinate,  57  per  cent  for 

?0  0Ptr  ,  K'al  SOdh,m  0ctadece,lyl  splfa‘a-  about  53  percent 
I  cent  commercial  sodium  “alkyl  aryl  sulfonate  ”  etc  Thus 

d^7fr,t<;‘;v:correUtion 

more  slowly  drafnini  foarn'T  atl°n  *“**’ 11 8eems  to  be  such  that 
W.tltf  •!  g.  foams  have  neater  lifetimes. 

(section  54)  'hf d  £!£££??  ****’' “"»* 

or  moving  a  perforated  plate  (section  25i  °tT  pr°duced  shakin£ 

uids  used  were  solutions  25?  °n  the  other  hand-  The  liq- 

were  solutions  of  commercial  detergents30. 
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The  magnitudes  Lg  and  Lx  (see  sections  28  and  55)  have  been  com¬ 
pared  for  several  systems13.  In  a  lubricating  oil,  which  also  otherwise 
showed  an  unusual  behavior,  the  average  lifetime  of  gas  in  the  foam 
was  shorter  than  the  average  lifetime  of  liquid,  i.e.,  liquid  seemed  to  be 
present  in  foam  also  when  there  was  no  foam  left.  In  all  other  in¬ 
stances,  however,  Lg  was  larger  than  Li,  i.e.,  bubbles  persisted  also 
after  a  considerable  portion  of  the  liquid  making  up  their  walls  had 
oozed  awray.  In  lubricating  oils  the  ratio  Lg/Lx  usually  was  less  than 
two,  but  in  a  sample  of  beer  it  \vas  7.5.  It  was  mentioned  in  section  56 
that  k  (and  consequently  also  Lx)  of  lubricating  oils  was  a  function  of 
their  viscosities.  As  would  be  expected  no  such  correlation  existed  for 
Lg.  At  a  given  viscosity,  i.e.,  at  different  temperatures,  the  values  of 
Lg  were  different  for  different  oils. 

A  third  solute  differently  affects  Lx  and  La  of  a  solution  of  two  com¬ 
pounds31.  Several  additions  were  made  to  an  aqueous  solution  of  a 
commercial  detergent  (“Nacconol  NRSF”)  and  sodium  silicate.  Tri¬ 


butyl  phosphate  was  the  second  best  depressor  of  foam  if  Lx  was 
considered,  but  was  the  6th  in  its  effect  on  Lg.  On  the  contrary, 
4-methyl-2-pentanol  was  the  second  best  depressor  as  far  as  Lg  was 
concerned  but  occupied  the  fourth  place  in  respect  to  Lx.  In  other- 
words,  methylpentanol  destroyed  foam  when  this  was  still  veiy  wet 
while  tributyl  phosphate  hastened  draining  of  the  foam  which  then 
collapsed  after  reaching  a  relatively  dry  state. 
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MECHANICAL  PROPERTIES  OF 
FOAMS 


Section  62.  Density  was  measured  more  often  than  any  other 
mechanical  property  of  foams.  If  the  foam  is  sufficiently  stable,  den¬ 
sity  is  measured  by  filling  a  fared  vessel  of  known  capacity  with  the 
froth  and  weighing.  Let  the  weights  of  the  empty  and  the  filled 
vessel  be  Wo  and  Wi,  respectively,  and  the  capacity  be  F0;  the  foam 
density  then  is 


[p]  = 


Wi  -  Wo 
Vo 


(21) 


•  12  3 

This  method  has  been  used,  for  example,  for  foams  of  egg  white 
and  of  paper  coating  compositions  .  If  the  foam  is  made  by  bubbling 
a  gas  through  volume  Vi  of  liquid,  the  foam  volume  is  V2,  and  the 
liquid  volume  (during  bubbling  or  immediately  after  its  cessation)  is 

V3,  then 

=  p(Fi  ~  Ls),  (22) 


0  being  the  density  of  the  liquid  in  the  foam.  Sometimes  1 3  has  to 
be  corrected  for  the  volume  of  gas  bubbles  still  present  in  the  liquid. 
Equation  (22)  assumes  that  the  specific  gravity  of  the  gas  within 
the  foam  bubbles  is  equal  to  that  of  the  ambiant  air.  This  assumption 
is  obviously  incorrect  when  a  gas  different  from  air  is  used  for  bub¬ 
bling  but  it  is  not  exact  also  when  air  is  employed  as  the  gas  phase  of 

a  foam  is  compressed  and  has  higher  density  than  the  outside  ail  (se 
sectton  64)  However,  these  errors  may  be  neglected  for.  and  equation 

(22)  applied  to,  all  customary  ioams.  »  follows 

Often  instead  of  density  a  related  quantity  is  calc  b 1  ed. A Hoi  lows 
for  example  from  equation  (22),  the  ratio  M/p  is  equal  to  the  rat 
“volume  of  liquid  in  foam , volume  “ex- 

function  100  (jL  -  l)  was  defined  as  “increase  m  volume  on  loam- 
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ing”  or  “foaming  power.”3  In  a  foam  whose  [p]  is,  say,  0.104  g/cm" 
and  p  =  1.04  g/cm3,  0.1  of  the  volume  is  liquid,  0.9  of  the  volume  is 

gas,  and  100  —  1^  =  900. 

To  render  the  part  played  by  the  solute  more  conspicuous,  the 
volume  of  foam  may  be  compared  with  the  volume  (or  mass)  of  solute 
in  it  rather  than  with  the  volume  of  solution1.  Thus  if  a  grams  of  a 
frother  were  dissolved  to  make  V\  cm3  solution  and  this  solution  was 
converted  into  V2  cm3  foam,  V2/a  is  the  foam  volume  produced  by 
1  g  solute  (see  also  section  24). 


Section  63.  Foam  densities  may  range  from  almost  zero  to,  say, 
p/2-  The  low  values  would  be  observed  when  the  vessel  (see  equation 
(21))  contains  but  one  or  few  foam  films.  Let  the  vessel  have  the 
capacity  of  100  cm3,  the  total  area  of  the  films  in  it  be  100  cm2,  and 
the  film  thickness  be  10  cm;  then  [p]  would  be  approximately  10-6 
g/cm3.  The  upper  limit  is  determined  by  what  we  choose  to  call  foam 
as  distinct  from  an  emulsion  of  gas  in  liquid  (see  section  1).  If  we 
specify ,  for  example,  that  in  a  foam  the  gas  phase  should  occupy  at 
least  half  the  volume,  then  the  greatest  possible  foam  density  is  p/2 
It  is  clear  from  equation  (22)  that  during  drainage  and  collapse  of 
a  loam,  [p]  decreases  in  time  if  the  rate  of  drainage  exceeds  the  rate 
of  collapse,  i.e.,  if  \\  -  V3  decreased  more  rapidly  than  V2.  If  the 
collapse  is  the  more  rapid  process,  [p]  gradually  increases.  Both  effects 
have  been  observed  in  foams  of  heptanoic  acid  in  water7.  In  more 

concentrated  solutions,  [p]  rose  and  in  dilute  solutions  diminished 
during  the  course  of  collapse. 

fZT  d6nSity  meaSUrementS  have  heen  carried  out  on  very  stable 
„,|T?r  T‘?  /  "  W“  r0Ughly  0  2  for  the  solutions  of  a  commercial 

0  2  'To  Tnt  “  l0ng  as  its  concentration  was  between 

0  P<,r  ’  bu‘  ln  a  0  05  Per  cent  solution  this  ratio  was  near 

013  .  For  saponin  solutions  between  0.2  and  2  per  cent  ill/!  TI 

approximately  0.22  but  it  decreased  to  0  08  in  about  0  0-  f 

solution.  Gum  arable  had  M/p  of  0.04  i„  1  per  cent  artl  o/o'irL^er 

“penr  T'  Sela,i”  ,,lad  0.m:d0°20ttw  ePeen 

M/e  as  low  as  0  03  \  l  (  ^  T  solutions  showed 

- . -  -  - 
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By  varying  the  conditions  of  bubbling,  [p]/p  of  0.1  per  cent  saponin 
foams  could  be  varied,  for  example,  between  0.03  and  0.138. 

Several  measurements  have  been  reported  on  the  density  of  foams 
of  egg  white  and  egg  albumin.  Whipped  egg  white  foams  may  have 
densities  between  0.15  and  0.19  g/cm3  depending  on  the  speed  and 
duration  of  whipping1,  0.14  to  0.10  g/cm'3  after  different  whipping 
times  ([p]  decreasing  on  prolonged  beating)2,  0.21  to  0.09  g/cm' 
according  to  the  mixing  machine  used'3,  and  so  on.  Dilution  with  water 
had  but  little  effect  on  [p]  as  long  as  the  mixture  contained  more 
than  60  per  cent  of  egg  white,  but  [p]  of  mixtures  containing  20  per 
cent  egg  white  and  80  per  cent  water  was  about  0.25  as  against  0.15 
of  undiluted  specimens1.  However,  ratio  [p]/p  in  pneumatic  foams 
of  egg  albumin  gradually  increased  from  0.04  at  0.08  per  cent  to 
0.15  at  0.5  per  cent  and  2  per  cent5.  The  effect  of  alkalinity  on  [p] 
of  egg  white  seems  to  be  different  for  fresh  and  stored  eggs.  The  [p] 
of  egg  white  foam  was  doubled  by  about  0.7  per  cent  cottonseed  oil 
or  by  about  0.15  per  cent  olive  oil3.  The  addition  of  olive  oil  increased 
the  volume  exuded  within  1  hour  by  about  15  per  cent.  Increase  of 
rate  of  drainage  with  density  is  in  accord  with  the  theories  of  section 
56.  However,  egg  yolk,  added  in  comparable  amounts,  increased  both 
foam  density  and  the  time  of  drainage.  The  bubble  size  was  not 
determined  (see  section  60).  1  he  density  of  foam  produced  by  beating 
whole  egg  powder  with  1.8  parts  of  water  was  not  aftected  by  whey 
solids  or  lactose,  but  addition  of  0.4  part  sucrose  lowered  [p]/p  from 
0.24  to  0.159.  Small  additions  of  commercial  detergents  (up  to  0.5  per 

cent)  increased  [p]/p  (up  to  20  per  cent)  . 

The  ratio  [p]/p  of  beer  foam  produced  by  introduction  of  carbon 
dioxide  was  0.20  to  0.23  for  four  different  samples  of  beer.  Dilution 
lowered  this  ratio  until  it  was  0.04  to  0.13  for  beer  plus  9  parts  of 
water5.  Beer  containing  more  carbon  dioxide  gave,  on  sudden  lowering 
of  pressure,  a  less  dense  foam  than  less  carbonated  beer.  . 

Rather  dense  foams  have  been  obtained  by  shaking  solutions  ot 
commercial  detergents  in  viscous  organic  liquids.  Thus  1  per  cent 
solution  of  an  N-acyl-N ,  N' ,  N'-tris(hydroxyethyl)  ethylenediamine 
hydrate  in  glycerol  had  |p]  of  0.30  g/cm  ;  1  per  cent  solution  of  a 
sodium  “aryl  sulfonate”  in  glycerol  had  [p  =  0.48;  and  O.o  and 11 pe 
cent  solutions  of  a  polyethylene  glycol  m  glycol  showed  foam  densifi 

of  0.17  and  0.12  g/cm",  respectively  . 

Ten  lubricating  oils,  whose  foams  had  persistences  {L„  see  sec¬ 
tion  28)  ranging  from  18  to  4920  min.,  gave  wh.pped  foams  in  which 
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the  densities  were  confined  between  0.39  and  0.62  g/ cm'1.  These 
systems  would  be  called  emulsions  rather  than  foams  (see  above). 
The  difference  between  the  wide  range  of  persistences  and  the  narrow 
range  of  densities  is  striking11. 

The  high  values  of  foam  density  mentioned  above  may  give  an  er¬ 
roneous  idea  of  the  thickness  of  foam  lamellae.  If,  as  a  first  approxi¬ 
mation,  foam  is  pictured  as  consisting  of  cubes  with  edges  of  l  cm, 
each  cube  containing  if  cm  of  air,  then  the  thickness  of  each  lamella 
is  l  —l0  cm.  The  ratio  [p]/p  (or  of  liquid  volume  to  total  volume)  in 
such  a  foam  is  (l3  —  lf)/l3.  If  this  ratio  is  0.5,  then  l  —  1 0  =  0.21  l, 
i.e.,  at  [p]/p  as  great  as  0.5  the  thickness  of  the  lamellae  is  only  21  per 
cent  of  the  cube  edge.  At  [p]/p  equal  to  0.3,  0.2,  and  0.1,  the  lamella 
thickness  is  11,  7,  and  3  per  cent,  respectively,  of  the  cube  edge. 


Section  64.  The  size  of  bubbles  in  a  foam  can  be  selected  at  will,-) 
within  limits  (see  sections  3-6).  It  affects  the  lifetime  of  a  foam  (see 
section  19).  It  is  said  that  when  persistence  increases  with  concentra¬ 
tion  of  the  solute,  the  bubble  size  decreases  at  the  same  time12. 

The  bubble  size  influences  also  the  gas  pressure  in  a  foam.  If  a  bubble 
is  separated  from  atmosphere  by  a  lamella  whose  radius  of  curvature 
1  s  Ri’  the  Sas  Pressure  in  the  bubble  is  by  Ay/Py  dynes/cm2  greater 
than  the  atmospheric  pressure  (see  section  15).  If,  for  example, 
surface  tension  y  is  40  g/sec2,  the  pressure  difference  P,  (see  section 
o7)  is  160  dynes/cm-  at  Rx  =  1  cm  and  1,600  dvnes/em2  at  Rx  =  0  1 
cm.  As  atmospheric  pressure  is  about  106  dynes/cm2,  it  is  clear  that 

the  internal  pressure  in  foams  is  not  very  different  from  the  external 
pressure. 

has  been  measured  in  the  apparatus  shown  in  Fig.  12,  section  21 

h.rnT  ff  'T  WaS  bullt  up  by  bubbling;  then  the  air  current  was 

pr  ssure°la’the  P<'°  *  *7^  6  firet  "**™d  atmospheric 

pressure  ...  the  measurmg  tube,  but  the  pressure  increased  as  long 

as  hio-h  ^  "aS  t°  apsmg’  anc*  Pressure  difference  reached  values 
^  high  as  3  cm  of  water,  i.e.,  about  3,(100  dynes/cm2,  for  0  001  M 

bubb lendi  T1  AsSUming  y  t0  be  fi0  «/£’  ‘his  would  mdi  ate 
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a  slightly  compressed  gas  rather  than  to  that  of  a  gas  at  atmospheric 
pressure,  even  if  the  effect  caused  hy  surface  deformation  is  neg¬ 
lected.  Unfortunately  the  experiment  on  compressibility  of  foam 
described  in  .the  literature  was  not  sufficiently  comprehensive  to  test 
this  conclusion.  Potato  juice  diluted  with  1  part  of  water  (it  then 
contained  0.3  per  cent  protein)  was  converted  into  foam,  and  this 
was  introduced  into  a  tube,  closed  at  one  end,  to  the  100  cm*  mark1’. 
Then  the  space  above  the  foam  was  connected  with  compressed  air, 
and  the  foam  volume  was  read  at  different  excess  pressures.  It 
was,  for  example,  90  cm'1  at  the  pressure  difference  of  94  mm  Hg,  81 
cm'1  at  180  mm,  and  69  cm1  at  360  mm.  Hundred  cm3  of  a  perfect  gas 
under  800  mm  Hg  would  be  compressed  by  94  mm  Hg  to  90  cm1,  by 
180  mm  Hg  to  82  cm'1  and  by  360  mm  Hg  to  69  cm'1.  Thus  foam  be¬ 
haved  as  perfect  gas  at  800  mm  Hg  pressure.  No  mention  of  the  initial 
pressure  could  be  found  in  Siehr’s  paper,  and  it  is  not  known  whether 
the  calculated  pressure  of  800  mm  Hg  corresponded  to  any  physical 
reality  (see  also  below). 

Deryagin16  pointed  out  that  compressibility  of  foam  should  be  dif¬ 
ferent  from  that  of  the  gas  phase  in  the  foam  because  compression 
deforms  the  lamellae  also.  Deryagin ’s  result  can  be  obtained,  for 
example,  by  the  following  reasoning.  The  external  pressure  Pe  equals 
p.  _  pcj  pi  being  the  internal  pressure,  and  Pc  the  capillary  pres¬ 
sure.  Hence 


dtP,  _  dPi  _(IPc 
dv  dv  dv 


(23) 


if  V  is  foam  volume  and  the  liquid  part  of  this  volume  is  neglected. 
In  a  perfect  gas 


dPi  =  _Pi 
dv  v 


(24) 


The  capillary  pressure  is  inversely  proportional  to  bubble  radius  Rh 
i.e.  is  kv~ 1/3,  k  being  a  constant.  This  yields 


dPc  _  Pe 

dv  3i> 


(25) 


Introducing  (24)  and  (25)  into  (23)  yields 

dP»  =  _Pi  + 


dv  v  3t> 
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and 


ndP  P 

— ‘  =  Pi  -  =  P.  +  H(Pc)  =  H(Pe  +  2 Pi) 

(IV  .3 


(26) 


As  compressibility  is  always  referred  to  external  pressure,  the  ex- 

vdPe 


pression 


dv 


is  the  inverse  value  of  the  compressibility  of  foam. 


Its  magnitude  depends  not  only  on  the  internal  pressure  as  would 
be  the  case  in  the  absence  of  film  deformation,  but  also  on  surface 
tension  and  bubble  size  which  determined  the  value  of  Pc.  It  is  true 
that  correction  term  PJ 3  usually  will  be  but  a  small  fraction  of  the 
main  term  P Instead  of  Boyle’s  law  the  volume  and  external  pressure 
on  a  foam  would  be  related  by  equation 


{K  +%)’  - 


RT 


(27) 


in  which  a  is  a  constant  depending  on  the  shape  of  the  foam  cells16. 
R  is  the  gas  constant,  and  T  is  absolute  temperature. 

Deryagin’s  theory  neglects  the  liquid  volume  in  the  foam.  The 
presence  of  (virtually  incompressible)  liquid  presumably  affects  the 
value  of  compressibility  more  than  the  correction  factor  occurring 
in  equation  (26).  If  the  foam  volume  v  consists  of  gas  volume  vx  and 
liquid  volume  t*.  then  dv/dPe  =  dvx/dPe ,  but  the  compressibility 


dv 


Vi 


vdP e  Vi  V2  Pe 


(28) 


rathe '  tha"  vdP,  Pe  as  would  be  in  a  perfect  gas  containing  no 

T^TZ0nuent\°Rhe  f°am  VOk'me  is  Ik>"id  section 
.  }  .  1  V*)/Vl  1  11,  and  foam  under  a  pressure  P  would 

-ehave  as  ,i  ,ts  pressure  were  1.11  P„  This  may  be  theexplanltTon 
the  small  compressibility  observed  by  Siehr,  01 


Section  66.  It  is  implied  in  section  65  that  capillary  pressure  in 

a^r„hr  t,  daefinite  nr  ™s  is  ^  *  a“  ~b>: 

of  bubbles  of  different  siziTcaliH  °am  ^  polydlaperse  consists 

bubbles  and  ca  Jes  diffus^  of  r  PreSSUre  “  different  “  different 

-  - 
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bubble  Ro.  The  area  of  the  septum  between  the  bubbles  (see  section  15) 
will  be  approximately  proportional  to  R\.  Then  the  amount  of  gas 
diffusing  through  the  septum  in  unit  time  (t)  is 


dM 


—  =  kiltfy 
at 


(29) 


The  constant  k\  will  be  proportional  to  solubility  and  diffusion  co¬ 
efficient  of  the  gas  in  the  septum  and  (approximately)  inversely 
proportional  to  the  thickness  of  the  septum.  The  pressure  difference 

causing  the  diffusion  is  ^  .  Mass  Mi  of  gas  in  the  smaller 

bubble  is  proportional  to  the  volume  of  the  bubble  if  capillary  pres¬ 
sure  is  neglected  in  comparison  with  the  atmospheric  pressure.  Hence 
Mi  =  k2Ri,  k2  being  a  factor  which  does  not  vary  during  the  dif- 

dR 

fusion.  As  -dMi/dt  =  dM/dt,  equation  (29)  becomes  Zk2R i  = 


if  fc3  is  used  as  abbreviation  for  kx/Sk2.  Thus  the  rate  ol  decrease  of 
the  bubble  radius  is  proportional  to  the  difference  of  the  curvatures. 
The  capillary  pressure  in  a  bubble  has  been  measured  as  early  as 
186117  and  186618,  but  an  equation  analogous  to  (30)  was  first  deduced 
apparently  by  Dewar1J. 

If  there  is  only  one  bubble,  then  ( I/R2 )  =  0  and  integration  of  tl 
resulting  equation  dRi/dt  =  —k^y/Ri  yields 

tfo2  -  Ri 2  =  2fc87 1,  (31) 


if  tt0  is  the  initial  radius  of  the  bubble,  i.e.,  at  tune  (  =  0.  Equation 
(31)  was  confirmed  in  two  instances  (not  completely  specified)  bu 
„  many  other  instances  it  was  not  valid'9.  Dewar  attributed  this  to 
chemical  change  of  the  bubble  wall  (a  soap  solution  m  aqueou^ 
glycerol)  causing  a  change  in  7,  but  alteration  of  the  wall  thickness 
affecUng  the  value  of  h  is  at  least  as  likely.  The  contraction  of  a 
bubble  was  more  rapid  the  smaller  the  pre^ure  outside  the  bubble 

(and  of  course  also  inside  th^ bubble  “  ^““Jthe  amount' 

diffused  ^througfT a  septum  depends  chiefly  on  the  pressure  difference 
(i.e.,  47 /Ri)  while  the  volume  occupied  by  a  given  amount  of  ga.  . 
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inversely  proportional  to  the  pressure.  Or,  in  mathematical  language, 
dRi/dt  is  greater  at  small  pressures  because  is  greater  (A-2  is  smaller) 
than  at  greater  pressures.  A  bubble,  14  cm  in  diameter,  of  3  per  cent 
ammonium  oleate  in  30  per  cent  glycerol  contracted  in  15  min.  to  12 
cm  at  5  mm  Hg  air  pressure  and  to  4  cm  at  1  mm  Hg1 '.  Contraction 
of  soap  bubbles  filled  with  hydrogen  at  pressures  above  the  atmos¬ 
pheric  also  has  been  observed20.  As  gas  diffusion  through  thicker 
septa  takes  more  time,  thick  bubbles  contracted  more  slowly  than 
thin  ones;  e.g.,  the  contraction  from  10  cm  to  6  cm  diameter  required 
45  hours  when  the  bubble  was  “almost  too  thick  to  show  color” 
and  only  9  hours  when  it  was  of  “intense  green”  color19 

The  variation  of  disperity  in  foams  containing  many  cells  also  has 
been  examined"1.  Some  of  the  results  thus  obtained  are  mentioned  in 
section  50.  The  “specific  surface”  decreased,  i.e.,  the  average  bubble 
size  increased  for  carbon  dioxide  foams  more  rapidly  than  for  oxygen 
or  air  foams.  This  is  in  qualitative  agreement  with  equation  (29). 
Constant  ki  in  it  should  be  proportional  to  solubility  and  to  rate  of 
diffusion.  As  the  product  of  solubility  (cm3  of  gas  in  cm3  of  liquid) 
and  diffusion  coefficient  (cm"/sec)  is  for  carbon  dioxide  0.9  X  1.8, 
i.e.,  1.6,  and  for  oxygen  0.03  X  2,  i.e.,  0.06,  the  more  rapid  transport 
of  carbon  dioxide  is  accounted  for  (see  also  section  60).  When  a  definite 
cluster  of  bubbles  (air  in  an  aqueous  dispersion  of  “ferrous  protein 
hydrolyzate”)  w’as  observed  at  regular  time  intervals,  all  bubbles 
greater  than  0.007  cm  in  diameter  were  seen  to  expand,  all  bubbles 
smaller  than  0.005  cm  shrank,  and  the  bubbles  in  the  intermediate 
region  of  diameters  had  no  consistent  behavior.  The  shape  of  the 

curves  “bubble  diameter  versus  time”  was  too  variable  to  be  fitted 
by  any  theory. 

Since  larger  particles  grow  and  smaller  particles  shrink,  aged  foams 
should  be  more  polydisperse  than  fresh  foams.  The  truth  of  this 
conclusion  is  exemplified  in  Fig.  33  from  Clark  and  Blackman21 
he  mean  diameter  d  of  the  bubbles  (except  those  smaller  than  0.005 

n  o  he  b  ^ble  To  6  abS<f?'  The  °r,linate’ inStead  of  the  numt,er 

of  these  bubHes  °  T  ^  represents  the  “specific  surface” 
ese  bubbles,  i.e.,  a  value  proportional  tond2.  Thus  ' line  marked  8 
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In  a  froth  column  the  average  bubble  size  may  differ  at  different 
levels.  Fig.  34,  from  Mit’kevich”,  shows  that  the  diameter  of  bubbles 
9.5  cm  above  the  base  of  the  column  was  greater  than  that  at  the 
6  cm  level  and  remained  greater  during  the  coarsening  of  the  foam. 


Figure  33.  Increase  in  polydispersity  of  foam  of  5%  soap  dispersion.  Abscissa: 
bubble  diameter  d,  in  cm.  Ordinate:  ir nd2,  n  being  the  number  of  bubbles,  hav¬ 
ing  diameteres  near  d,  in  unit  volume  of  foam.  The  curves  refer  to  1 .5,  2.5,  4, 
and  8  minutes  old  foams.  From  Trans.  Faraday  Soc.,  44,  1  (1948). 


a 


Figure  34  Growth  of  bubbles  in  the  foam  of  0.25  per  cent  malt  solution. 
Figures  at  the  curves:  height  above  the  base  of  the  foam  column.  From  7. 
Applied  Chem.  ( U.S.S.R. ),  21,  817  (1948). 

Analogously,  the  bubbles  at  the  6  cm  level  were  greater  than  ‘hose 
at  The  3  6  cm  level.  The  abscissa  of  the  figure  is  time  in  seconds  and 
tL  ordinate  represents  diameters  in  mm.  The 

sr  srs* 

bottom  and  0.16  cm  at  the  top  of  the  column  90  sec.  later. 
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Section  67.  The  hydrostatic  pressure  exerted  by  a  foam  column 
has  been  measured.  In  the  “saturation”  of  beet  sugar  juice,  carbon 
dioxide  is  bubbled  through  the  juice  contained  in  tall  vessels.  Bruckner 
(see  Schiebl23)  mounted  in  these  vessels  bells  filled  with  air  and  con¬ 
nected  with  U-tubes  containing  water,  which  acted  similarly  to  pres¬ 
sure  gauges.  The  liquid  level  before  “saturation”  was  at  100  cm.  A 
gauge  attached  at  the  80  cm  level  naturally  registered  pressure  of  80 
cm  water.  This  pressure  rose  to  120  cm  during  the  steady  state  of 
bubbling  and  foaming  (on  continued  bubbling  the  foam  collapsed  and 
the  pressure  decayed  almost  to  the  initial  value).  The  pressure  at 
the  160  cm  level  naturally  was  zero  before  bubbling,  but  remained 
equal  to  80  cm  water  during  the  steady  frothing.  Unfortunately 
the  amount  of  liquid  in  the  foam  was  not  determined.  Did,  for  ex¬ 
ample,  the  foam  above  the  160  cm  mark  contain  liquid  equivalent 
to  an  80  cm  layer? 


For  0.01  to  0.1  per  cent  saponin  solutions,  the  pressure  shown  by 
similar  gauges  was,  as  would  be  expected,  greater  the  taller  the  foam 
column  above  the  gauge  and  the  denser  the  foam8.  However,  it  was 
not  proportional  to  the  density.  Thus  for  0.05  per  cent  solution  at  a 
definite  level  the  pressure  was  3.2  cm  of  water  for  [p]  =  0.002  and  4.8 
<-m  of  water  for  [p]  =  0.010  g/crn  (see  section  62).  Apparently  it 
depended  also  on  the  bore  of  the  tube  containing  foam8  It  is  clear 
that  at  least  a  part  of  the  weight  of  the  foam  is  carried  by  the  foam 
films  attached  to  the  walls:  plugs  of  froth  suspended  in  a  tube  are 
amiliar  formations.  Hence,  the  hydrostatic  pressure  of  a  froth  column 
is  likely  to  be  less  than  calculated  from  its  weight. 


Section  68.  It  is  known  that  movement  of  a  liquid-gas-solid 
oundary  along  a  solid  surface  is  subject  to  friction  (for  the  most 
recent  discussion  see  ref.  24).  Similar  effects  are  known  for  the  move 

,  „ .  °,f  f.r“th'gas'sohd  boundaries.  Siehr15  applied  air  pressure  to 

,/fm?  <>  1  meter  long  columns  of  potato  juice  foam,  [„]  =  0  0008 
g  cm  ,  until  the  opposite  end  started  mnvino-  •  • 

required  was  93  49  29  5  In  or  ™g'  1  he  mi”™m  pressure 

column)  diameL  Ls  W  0  8  “ ^2  and  7T  ““  tub#  (“d 
the  minimum  pressure  ’  i"’  resP<*tively.  Thus 

portional  to  PTO‘ 

the  movement  is  proportional  to  the  Hi  ’  ,*  “'T  T'"  4>  resistmS 

-  ^  ^  ^  a  ^^r 
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in  a  tube  also  is  proportional  to  the  perimeter  of  the  cross  section 
of  the  latter  (i.e.,  to  ird).  The  coefficient  of  proportionality  (-irpd2 /4ird) 
is  of  the  order  of  magnitude  of  the  surface  tension  of  the  liquid24. 
In  the  instance  of  the  potato  juice  foam,  however,  this  coefficient 
was  for  the  narrowest  tube  93  X  981  X  0.4/4,  i.e.,  about  9,100 
dynes/cm  or  g/sec2,  over  100  times  as  great  as  the  surface  tension 
of  the  juice.  Perhaps  over  100  films  had  to  be  displaced  along  the 
solid  wall  in  Siehr’s  experiment  while  only  two  menisci  move  when  a 
liquid  “pellet”  moves.  Unfortunately  the  dependence  of  the  excess 
pressure  needed  on  the  length  of  the  foam  column  has  not  been 
investigated. 

As  would  be  expected,  the  pressure  required  to  force  a  potato  juice 
foam  from  a  wide  tube  into  a  narrow  one  was  greater  the  narrower 
the  second  tube16. 


Section  69.  When  foam  is  pushed  in  a  tube,  not  only  the  resistance 
along  the  walls  but  also  that  in  the  body  of  the  foam  may  be  of  im¬ 
portance.  If  this  resistance  is  more  or  less  independent  of  the  rate 
of  deformation,  it  may  be  expressed  in  terms  of  a  shear  modulus; 
otherwise,  viscosity  would  be  a  more  appropriate  expression. 

Deryagin18  calculated  the  shear  modulus  of  foam.  An  approximate 
equation  can  be  gained  by  the  following  simplified  reasoning.  Imagine 
a  slab  of  foam  lying  on  an  immobile  solid  plate  and  covered  with 
another  plate,  l  cm  long.  When  to  the  upper  plate  shearing  stress  J 
is  applied  (/  is  force  divided  by  the  area  of  the  plate)  and  this  shitts 
the  plate  by  l'  cm,  the  modulus  of  elasticity  in  shear  (or  shear  modulus  I 
is  „  =  fl/r.  We  assume  that  the  plate  does  not  move  further  because 
the  deformed  foam  films  resist  further  deformation  let  the  loam 
consist  of  bubbles  of  radius  R .  Then  the  number  of  bubbles  "icon  tact 
with  I  cm2  of  the  upper  plate  is  1/ir/f2,  and  the  total  length  of  the 
films  on  this  square  centimeter  is  2»B/xBl  =  2/B  Hence  surface 
tension  7  acts  on  1  cm2  of  the  upper  plate  with  the  force  2y/ff  whirl 
is  equal  to  PJ 2  (see  section  64).  When  stress  is  applied,  only  that 
component  of  this  force  resists  it  which  is  directed  opposite  to  f. 
In  others  words,  only  the  horizontal  component  of  the  surface  tension 
of  the  deformed  films  is  operative.  For  small  values  I 

nent  may  be  assumed  to  be  proportional  to  l  l.e  “ 

being  a  constant  (its  dimension  is  cm  ).  1  hen  j  become.  1 
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Pcnl' /2  and 


Deryagin’s  formula  is 


=  MPcnl. 


=  OAPc 


(32) 


(33) 


According  to  (33)  the  ratio  of  shear  modulus  to  capillary  pressure 
in  a  foam  should  be  a  constant  independent  of  the  extent  of  deforma¬ 
tion,  of  the  size  and  shape  of  the  foam  system,  and  of  the  physical 
properties  of  the  foam.  However,  equation  (33)  has  been  tested  in  one 
apparatus  only25.  A  circular  plate  was  suspended  on  a  metal  ribbon 
so  that  it  was  partly  immersed  in  a  foam  contained  in  a  vessel.  When 
the  ribbon  was  twisted,  the  plate  turned  in  its  plane,  and  the  resistance 
offered  by  the  foam  could  be  calculated  from  the  experimental  re¬ 
lation  between  the  angle  of  rotation  and  the  torque.  Unfortunately, 
the  equation  used  by  the  authors  takes  care  of  the  deformation  of  the 
foam  only  between  the  plate  and  the  vessel  at  the  level  of  the  plate 
and,  apparently,  neglects  the  deformation  under  the  plate,  which  was 
considered  in  the  preceding  paragraph.  No  experiments  to  test  this 
equation  have  been  reported.  For  foams  produced  by  whipping 
0.002  pei  cent  saponin  solution,  Pc  values  between  2900  and  10,100 
ynes/cm  were  found  by  measuring  the  increase  in  pressure  caused 
ry  the  collapse  of  the  foam  (see  section  64).  (If  y  was  70  g/sec2  the 
diameter  of  the  bubbles  in  the  last  mentioned  foam  was  0.055  cm- 
no  measurements  are  reported.)  The  shearing  modulus  „  was  calcu-’ 

0  t  n  ™  t0  4,450  dynes/cm  ’  and  the  ratio  /*/*’.  was  said  to  be 
hand  In  0  i’  'T  t0  the  theoretical  value  of  0.4.  On  the  other 

e  7’  was  Th  TT  “  ^  W“  27°°’  *  was  22-°°°-  a»d 

to  tte  -e  a!t  citI  -,fofeaU  'Vla!,10n  ^  *he  theo,'y  »  attributed26 

which  re  Kt  *  their  Hef  7  n®d,ty)  °f  («*  section  73) 

lsts  their  Reformation  more  than  surface  tension  does  Npu 
experiments  would  be  highly  welcome. 


torsion  wire  ckn^used^  Wh  &  VTtlCal  plate  susPended  on 
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vertical  edges  of  the  rotating  plate,  the  maximum  and  the  steady 
shearing  stresses  ($1  and  S2)  could  be  calculated.  Hydrolyzed  keratin 
gave  the  stiffest  foam  with  Si  of  350  and  2,250  dynes/cm2  and  S2 
of  230  and  1100  dynes/cm2  in  1  and  10  per  cent  solutions,  respectively. 
The  values  of  $i  and  S2  for  soap  foams  apparently  had  maxima  near 
5  per  cent  concentration;  both  were  then  320  dynes/cm2.  The  foams 
were  produced  by  beating  with  a  perforated  plate  (see  section  25). 
Both  Si  and  S2  increased  with  the  rate  of  movement  of  the  plate; 
the  degree  of  dispersity  of  the  foam  increased  simultaneously. 

The  stresses  £i  were  found  to  be  related  to  minimum  stresses  S3 
required  to  cause  rotation  of  a  disc  lying  in  the  surface  of  the  solution 
(free  from  foam)  and  suspended  on  a  torsion  wire.  For  example,  $3 
of  5  per  cent  hydrolyzed  keratin  solution  was  3.11  dynes/cm.  This 
value  multiplied  with  the  “specific  surface”  of  the  foam  (see  section 
50)  gave  410,  1,180,  and  1,970  dynes/cm'2  for  three  foams  prepared  by 
beating  at  three  different  speeds.  The  stresses  S\  for  these  foams  were 
307,  937,  and  1,180  dynes/cm2,  respectively,  i.e.,  the  ratio  S3/ Si 
varied  only  between  1.3  and  1.9.  If  the  liquid  volume  in  the  foam  is 
small  compared  with  the  gas  volume,  the  “specific  surface”  is  ap¬ 
proximately  2/R,  and  the  correlation  found  by  Clark  can  be  expressed 
as  Si  =  2cS3/R,  c  being  a  factor  between  1.3  and  1.9.  From  equation 
(33),  /x  =  1.6  y/R.  Presumably  .Si  of  Clark  is  closely  related  to  m  of 
Deryagin  and  Obukhov. 

Shearing  of  foam  confined  between  two  coaxial  cylinders  also  was 
studied25*1.  The  foam  was  produced  by  the  pneumatic  method  and 
transferred  into  the  annular  space  between  two  cylinders  of  which 
the  external  could  be  rotated  while  the  internal  was  suspended  on  a 
torsion  wire.  When  the  external  cylinder  was  turned  by  <p  radians, 
the  internal  turned  by  <p  -  <  radians  and  the  torque  on  it  was  P 
dvnes/cm2.  The  curves  of  P  as  function  of  e  (i.e.,  stress  on  foam  as 
function  of  deformation)  were  of  three  types.  In  the  first  type  P  in¬ 
creased  with  c  to  a  maximum  (e.g.,  of  10  dynes/cm  at  e  -  0.2),  t  en 
decreased  and  finally  became  independent  of  6  (e.g.  5  dynes/cm 
between  0.9  and  1.6  radians).  The  first  increase  of  P  with  «  was  linear 
if  along  this  stretch  the  external  cylinder  was  stopped,  e  and 
remained  constant  until  breakdown  of  the  foam  set  in;  thus  at  small 
e  these  foams  behaved  as  truly  elastic  bodies.  At  large  *  perhaps 
slippage  of  foam  at  the  internal  surface  occurred;  because  o 
sliding  the  actual  distortion  of  the  foam  was  less  than  the  value  « 
would  indicate,  and,  consequently,  the  value  of  P  was  smaller  than 
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at  smaller  e.  Sodium  salts  of  6-butylnaphthalene-l -sulfonic  acid, 
dioctyl  succinosulfonic  acid,  and  pyridineundecanesulfonic  acid  gave 
rise  to  such  foams.  In  the  second  type  P  increased  with  e  to  a  plateau. 
Saponin  solutions  containing  more  than  0.1  per  cent  saponin  belonged 
to  this  type.  More  dilute  saponin  solutions  gave  foams  of  the  third 
type  in  which  P  increased  with  t  to  a  maximum  and  then  decreased  to 
an  abrupt  end  when  the  foam  started  breaking  around  the  internal 
cylinder.  In  0.05  per  cent  saponin  foam,  P  reached  the  value  of  140 
dynes/cm2. 

The  bubble  size  of  their  foams  [see  equations  (32)  and  (33)]  was 
not  determined  by  Rozenfel’d  and  Savitskaya,  but  they  observed 
that  the  “expansion  factor”  p/[p ]  (see  section  62)  for  a  given  frother 
varied  with  concentration  as  did  P.  Thus  for  0.3,  0.6,  1  and  2  per 
cent  sodium  butylnaphthalenesulfonate,  p/[p)  was  55,  75,  50,  and  50 
while  the  greatest  P  was  50,  70,  60,  and  60  dynes/cm2,  respectively. 


Section  71.  A  magnitude  incorrectly  termed  “modulus  of  elas¬ 
ticity”  in  the  original  publication  has  been  measured  on  a  chain  of 
soap  bubbles20.  The  apparatus  used  to  produce  such  chains  is  illus¬ 
trated  in  Fig.  35.  The  soap  solution  from  resorvoir  A  drops  on  the 
capillary  opening  K  closing  this  for  a  time.  Air  coming  from  D  blows 
these  drops  into  bubbles  and  pushes  the  bubbles  into  enlarged  nozzle 
C.  When  the  frequency  of  drop  formation  and  the  rate  of  air  flow- 
are  judiciously  chosen,  every  succeeding  bubble  remains  in  contact 
with  its  predecessor,  and  a  chain  of  bubbles  (a  “unidimensional  foam”) 
orms.  If  an  iron  particle  is  attached  to  the  bottom  of  the  lowest  bubble 
and  pulled  downward  by  a  magnet,  the  chain  extends.  For  example  a 
o  cm  long  chain  of  three  bubbles  was  extended  by  1.35  cm  by’  a 
orce  of  74  dynes,  and  a  31  cm  long  chain  of  six  bubbles  elongated  by 
cm  when  a  force  of  133  dynes  was  applied.  If  l  is  the  initial  length 

elasticity  TW  T  7  1  ^  E  “  W*  ®  the  modulus  of 

cross  section  of  the  '’“'"7  b<“  aPpM  t0  Dewar’e  results  as  thp 
oss  section  of  the  specimen  (i.e.,  of  the  films  in  the  chain)  is  not 

known.  Dewar  substituted  force  for  stress  in  the  above  equation 

he  31  cm  long  chain  broke  when  the  force  was  •.  litti  • 

is  Ziryli.  As  7  of  a  soap  so  ution  is  near  Qn  9  ,  o  •  u  / 7.  P  lmeter 

D  this  force  -  ~  -  abou^xt  s  ar 
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which  is  a  possible  value.  No  attempt  to  account  for  the  observed 
value  of  the  breaking  load  could  be  found  in  the  original  paper. 


Section  72.  From  the  theory  of  elasticity,  the  modulus  of  elasticity 
E  and  the  Poisson  ratio  a  are  functions  of  the  modulus  of  compression 


Figure  35.  Apparatus  for  producing 
chains  of  soap  bubbles.  Soap  solution 
from  A  drops  on  orifice  K  and  is  blown  to 
bubbles  by  air  coming  through  D.  The 
bubbles  expand  in  C.  From  Proc.  Roy. 
Inst.  Ot.  Brit 22,  359  (1918). 


(bulk  modulus)  k  and  the  shearing  modulus  m.  as  expressed  by  the 
equations  E  =  n(3X  +  2 M)/(X  +  a)  and  <,  =  X/2(X  +  a),  X  being 

IP 

k-'it.  Quantity  k  is  equal  to  section  65.  Introducing  its 

value  from  equation  (26)  and  the  value  of  a  from  equation  (33), 
the  expressions 

2Pc(3P„  +  2  Pc)  (34) 

R  =  IipTTtpT^ 


5  P,  +  2  Pc 
IOPTTsPc 


and 


(35) 


MECHANICAL  PROPERTIES  OF  FOAMS 


129 


are  obtained16.  As  Pe  usually  is  much  smaller  than  Pe,  a  should  be 
almost  equal  to  0.5,  i.e.,  the  volume  of  foam  restrained  on  two  opposite 
planes  only  should  not  change  during  contraction  or  expansion.  The 

value  of  E  should  not  differ  much  from  -  Pc.  These  conclusions  ap- 

o 

parently  have  not  been  checked. 


Section  73.  Resistance  of  foam  to  deformations  of  rather  indefinite 
kind  was  repeatedly  used  as  criterion  of  the  “quality”  of  foam.  Thus 
the  “stability”  of  whey-protein  foam  was  judged26  from  the  rate  of 
descent  of  a  glass  tube  stuck  in  a  vertical  position  in  a  whipped  foam. 
It  was  found,  for  example,  that  this  descent  was  retarded  by  adding 


calcium  salts  to  the  whey.  Similarly,  the  “strength”  of  a  malt  liquor 
foam  was  estimated  by  placing  a  glass  rod  in  vertical  position  on  the 
bottom  of  a  cylindrical  vessel  filled  with  froth,  releasing  the  rod,  and 
noting  the  time  which  elapses  before  the  rod  tilts  so  far  as  to  touch 
the  wall"7.  This  time  was  longer  in  the  foam  of  0.6  per  cent  malt  so¬ 
lution  thanjn  either  more  concentrated  or  more  dilute  solutions. 
Schmalfuss28  described  many  mechanical  properties  of  foams  pro¬ 
duced  by  beating  aqueous  solutions  of  sugar  and  a  frother  (lecithin, 
agar,  etc.).  The  majority  of  these  properties,  e.g.,  the  ability  of  form¬ 
ing  sharp  edges  or  tall  standing  cylinders,  cannot  readily  be  corre¬ 
lated  with  fundamental  mechanical  quantities. 

The  wide  range  of  mechanical  responses  of  foam  films  is  illustrated 
by  the  "known  difference  between  the  rigidities  of  soap  films  and 
saponin  films.  When  a  soap  bubble  is  blown  at  the  orifice  of  a  glass 
tube,  it  can  be  made  greater  or  smaller  by  blowing  in  or  sucking  out 

’  a"'  th*8e  alternate  Ganges  can  be  repeated  any  number  of  times 
without  affecting  the  smoothness  of  the  bubble  wall.  On  the  contrary 

cWom™kT:d  aWn  fr°m  "  SaP°nin  bubWe’  the  “  -face  be! 


d<8,T,i0n„74'  Whe"  'hc  T  °f  Shear  betWee'‘  two  »<«>centric  cylin- 
Of  ih  ’’  r  apparatus  differing  from  that  used  by  Deryagin  and 
Obukhov  [section  69]  mainly  by  the  greater  lenoth  J  h 
cylinder)  increases,  foam  seems  to  get  S  f  ^  ^ 

Jnnn,,.  we  ,n,v  epealt  of  its  0^,2  “  ?3 )“ 

he  apparent  vmcoaity,  as  given  by  a  concentric  cylinde^  vilmetS 
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decreases  when  the  applied  stress  increases  at  least  for  two  foams, 
namely  that  of  a  potassium  stearate  solution30  and  of  an  insecticide 
containing  an  “inorganic  salt”  and  “an  organic  colloid.”31 

1  his  insecticide  was  frothed  in  an  egg  whisk.  When  the  volume 
percentage  of  air  (y>)  in  the  froth  was  51.5,  69  and  73  per  cent,  the  ratio 
t)  rjo  was  7.1,  20.3,  and  23.2,  respectively;  rj  stands  for  viscosity  of  the 
troth  and  rj0  for  viscosity  of  the  liquid,  both  at  high  rates  of  shear  at 
which  r)  and  7j0  become  approximately  independent  of  the  velocity 
gradient.  The  results  obtained  can  be  summarized  by  an  equation 
of  the  type  suggested  by  Hatschek32,  i.e., 

-  =  1  -  (1.23 *)»/•  (36) 

v 

The  equation  makes  no  reference  to  any  surface  property,  such  as 
surface  tension  or  capillary  pressure,  and  cannot  be  reconciled  with 
the  view  that  the  apparent  viscosity  of  foam  depends  on  the  resistance 
of  its  films  to  deformation  (see  section  69).  It  is  not  known  what  takes 
place  in  a  foam  subject  to  continuous  shearing. 

In  another  instrument  foam  is  pressed  through  an  annular  space 
between  an  immobile  glass  tube  and  a  coaxial  brass  rod  suspended 
on  a  spring.  The  “friction”  between  the  foam  and  the  rod  causes 
extension  of  the  spring  and  can  be  calculated  from  it  .  Foam  was 
made  by  bubbling  air  through  6  per  cent  solution  ol  a  hydrolyzed 
protein  stabilized  with  iron  salts.  1  he  tractive  force  exerted  by  it  on 
the  brass  rod  increased  with  the  foam  velocity  (which  was  \aiiod  b\ 
applying  different  pressures)  and  the  relative  volume  of  aii  in  the 
foam.  The  last  mentioned  observation  may  mean  that  the  force  was 
greater  for  thinner  films  which  suffered  greater  deformation  at  a 
constant  velocity  than  thicker  films  did.  No  explanation  is  ofteied 
in  the  original  paper. 

The  surface  finish  of  the  brass  rod  was  not  varied  in  the  above 
experiments.  It  is  interesting  to  note  that  rough  surfaces  are  said 
to  be  better  wetted  by  foam  than  smooth  surfaces. 


Section  75.  Extreme  mechanical  deformation  leads  to  rupture. 
When  the  foam  film  has  a  definite  surface  tension  7,  the  linear  stress 
required  to  break  the  film  is  equal  to  2  7  (because  the  him  has  two 
sides)  (see  also  section  71).  The  relation  between  the  7  of  a  him  and 
of  the  parent  solution  is  considered  in  section  !)8. 
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A  fundamental  property  of  surface  tension  is  that,  in  the  equilib¬ 
rium  state,  it  is  independent  of  the  degree  of  extension  or  contraction 
of  the  surface  (if  this  variation  of  the  surface  area  has  no  effect  on  the 
composition  of  the  surface).  Many  foam  films  have  a  tension  which, 
like  that  of  a  rubber  sheet,  depends  on  the  degree  of  surface  deforma¬ 
tion.  Saponin  films  belong  to  this  class  (see  section  73).  When  such  a 
film  is  ruptured,  the  breaking  stress  is  not  equal  to  2  7.  Films  formed 
on  concentrated  solutions  or  sols  of  saponins,  proteins,  etc.  or  re¬ 
maining  after  protracted  drainage  of  foams  of  similar  solutions  con¬ 
sist  of  saponin,  protein,  etc.,  that  do  not  differ  from  these  materials 
which  never  passed  through  the  stage  of  foam.  In  other  words,  the 
breaking  stress  of  a,  say,  protein  film  is  determined  by  the  material 
of  the  film  itself  and  is,  as  a  rule,  practically  independent  of  the  surface 
tension  of  solution  from  which  the  film  originated.  Thus  it  need  not 
be  considered  in  a  book  on  foam. 

Rigid  films,  such  as  those  of  dry  proteins,  can  exist  for  an  indefinite 
time  and  peiish  because  of  observable  reasons  (e.g.,  mechanical  im¬ 
pact  or  bacterial  decomposition).  On  the  contrary,  films  which  do 
ijot  become  rigid  collapse  without  any  discernible  cause.  This  is  the 
reason  why  persistence  of  foam  has  to  be  treated  statistically  (see 
section  28),  as  the  theory  of  probability  is  “le  supplement  le  plus 
heureux  a  V ignorance"  (Laplace). 

That  many,  perhaps  the  majority  of,  foam  films  are  destroyed  by 
external  causes  seems  to  follow  most  directly  from  the  fact  (see  sec¬ 
tion  18)  that  films  kept  in  closed  vessels  often  persist  for  longer 
time  than  those  in  open  vessels.  The  destructive  agents  such  as  air 
currents,  dust  carrying  a  foam-breaker,  vapors  of  an  anti-froth  sub- 
s  ance,  etc.,  are  less  likely  to  reach  a  film  spanned  in  an  air-tight 


Plate!, r“0HbilitTh7J^  °f  lhe  mpture  of  foam  Hlms  originated  with 
Plateau  He  notreed  that  films  broke  later  the  smaller  their  area 

“"h  ”  ht fi  r  ™’g  COmment:  “If’  as  a  '-ole,  persistence  diminishes 
vhen  the  film  dimensions  increase,  this  seems  to  me  to  he  due  simnlv 
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deduced  that  in  a  circular  ring  the  slowness  of  thinning  increases  with, 
diameter.”  The  small  concave  surfaces  referred  to  in  the  above  pas¬ 
sage  are  called  Plateau’s  borders  in  this  book  (see  section  15).  The 
increase  of  slowness  of  drainage  with  diameter  was  expressed  mathe¬ 


matically  in  equation  (20),  section  57.  Unfortunately  this  expression 
would  not  be  easy  to  test  since  the  amount  of  liquid  draining  from 
one  him  is  small  and  since  the  thickness  of  films  usually  is  not  uniform 
enough  to  allow  its  optical  measurement. 

Plateau  expected  the  slower  drainage  of  larger  films  to  be  a  factor 
increasing  their  persistence  as  compared  with  that  of  smaller  films. 
However,  Plateau  himself  showed  that  drainage  is  not  a  direct  factor 
in  the  longevity  of  films.  Soap  films  containing  glycerol  and  kept  in 
humid  air  increased,  in  thickness  (because  of  absorption  of  ivater 
vapor)  but  snapped  just  as  soon  as  draining  films.  Correlation  seems 
to  exist  between  him  thickness  and  resilience  as  defined  in  section  76, 
rather  than  between  him  thickness  and  lifetime. 


Section  76.  Resilience  of  a  him  may  be  defined  as  its  ability  to 
restore  its  original  shape  after  being  pierced  by  a  missile.  1  his  property 
was  described  hrst  by  DuprC*’.  Lead  granules  and  cork  balls  were 
dropped  through  films  of  soap  in  aqueous  glycerol  without  rupturing 


the  hlms.  This  was  possible  as  long  as  the  missile  was  not  too  great 
and  fell  from  a  not  too  great  height;  cork  balls  having  diameters  of 
1  to  1.2  cm  ruptured  the  him  when  they  were  released  25  cm  or  more 
above  the  film.  Rhumbler37  studied  columns,  rather  than  single  hlms, 
of  soap  foam.  Iron  filings  fell  through  these  without  leaving  any 
visible  track  of  destruction.  Dewar38  repeated  Dupre’s  experiments 
using  liquid  air,  mercury,  lead  shot,  and  drops  of  water  or  soap  solution 
and  noticed  that  very  thin  hlms  were  less  resilient  than  thicker  ones. 
No  resilience  is  shown  by  mixed  hlms  of  sodium  oleate  and  saponin  . 

The  decrease  of  resilience  on  aging  has  recently  been  investigated 
more  thoroughly40.  A  shower  of  mercury  droplets  (rate  of  how  0.3 
g/sec)  fell  from  the  height  of  2  cm  on  hlms  of  0.43  per  cent  solution 
of  disodium  a-tocopheryl  phosphate  monohydrate.  The  average  per¬ 
sistence  of  these  hlms  (not  bombarded  by  mercury)  was  about  420 
sec  and  about  35  sec  when  the  radius  was  1.0  and  3.5  cm  respec  ive  y 
(see  section  18).  The  mercury  shower  was  turned  on  when  the  hlms 
were  t'  sec  old  and  continued  until  the  him  burst;  the  duration  of  the 
shower  is  denoted  here  by  t" .  Thus  the  hlms  were  t  +  t  sec  old 
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the  moment  of  rupture.  Fig.  36  shows  the  decline  of  t"  (ordinate) 
when  t'  (the  left-hand  curve)  and  t'  -(-  t"  (the  right-hand  curve) 
increase,  all  for  films  1  cm  in  diameter.  Films  of  3/5  cm  resisted  the 
impact  for  4.5  to  5.3  sec  if  they  were  5  sec  old  at  the  start  of  bom¬ 
bardment,  and  for  only  2.1  to  2.5  sec.  if  t'  was  20  sec.  Analogous  de¬ 
crease  of  resilience  on  aging  was  observed  also  for  a  neutral  and  an 
acid  sodium  laurate  solution,  a  “benzalkonium  chloride”  solution,  and 
beer. 

The  importance  of  the  experiments  described  in  this  section  for  the 
theory  of  foam  is  made  clear  in  sections  97  and  102. 

While  the  earlier  observers  did  not  notice  any  difference  between 
the  destructive  action  (on  foam)  of  materials  as  different  as  lead 


Time,  sec. 

ruXre  Tf  7,77  °'  °'  011  »*■>«•  Upper  curve:  age  at 

“  ,  1  +  ‘  -  ,ower  o^e:  age  at  start  (t')-  Ordinate:  duration  of  shower 

until  rupture.  From  /.  Phys.  Chem.,  56,  164  (1952). 


granules  cork  balls,  or  liquid  air,  Shkodin40a  claims  that  solids  wettable 
>>  e  oam  can,  and  those  unwettable  cannot  break  a  froth.  This 
••one  usion  was  based  on  the  observation  that  the  foam  (produced 
pneumatically)  of  molasses  was  more  readily  destroyed  by  a  glass 
stirrer  coated  with  paraffin  wax  than  by  the  uncoated  stirrer 

°me  a^tempts  have  been  made  to  destroy  foams  by  high-fre- 

^1^^  TT  ail’  Vibrating  6’000  times  Per  second 
f  akmg  Iroths  such  as  are  used  in  coal  flot‘itinn40b 

orm  ( fifing  saturation  and  evaporation  of  crude  sugar  solutions10'. 


a  lade  mad  Hn  7  Ca'CU'ate  the  ***  "M,  which 

aider  the  moment  a7  ‘he  hole.  Con- 

surfaces,  the  total  area  ofYhe n° *7  S  ®“*  bi*'  As  the  film  two 
total  area  of  the  him  decreased  before  this  moment  by 
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2 S,  and  its  surface  energy  by  2y 7  is  surface  tension.  The  energy 
thus  released  must,  according  to  Dupr6,  be  completely  converted 
into  the  kinetic  energy  of  the  liquid.  The  mass  of  the  liquid  initially 
present  in  S  cm"  of  the  film  was  S8p  g,  8  being  the  film  thickness  and 
p  the  density.  Hence  the  kinetic  energy  is  %S8pu2 ,  u  being  the 
velocity  we  wish  to  calculate.  From  27 S  =  %S8pu2,  the  equation 

“  -  sr  -  (3?) 

follows.  The  velocity  of  contraction  thus  appears  to  be  independent 
of  the  extent  of  contraction.  Setting  7  =  36  g/sec",  8  =  10  4  cm,  and 
p  =  1  g/cm3,  we  obtain  u  =  1,200  cm/sec  or  about  25  miles  per  hour. 
However,  equation  (37)  can  give  only  the  upper  limit  of  a  as  a  part 
of  the  surface  energy  released  must  be  used  up  to  overcome  the  fric¬ 
tion  in  the  liquid  and  another  is  converted  into  kinetic  energy  of  the 
air  which  must  be  disturbed  by  the  collapse  of  the  film. 


Section  78.  Foam  films  can  be  broken  by  nonmechanical  means 
also.  Many  observations  of  this  kind  are  reported  in  Chapter  15. 
Only  a  fewr  are  mentioned  in  this  section. 

Foam  rising  above  a  boiling  liquid  may  be  destroyed  by  placing  a 
hot  wire  above  the  liquid  surface42.  The  temperature  and  the  position 
of  the  wire  are  such  that  the  bubbles  burst  at  least  1  cm  lrom  the  wire. 
This  prevents  deposition  of  the  solute  on  the  wire  and  possibility  ol 
scorching  the  deposit  formed.  In  all  probability  the  films  rupture 
because  of  evaporation  of  the  solvent,  caused  by  the  radiant  heat 
of  the  wire.  The  phenomenon  has  not  been  studied  quantitatively,  lhe 
method  was  tried  out  on  “alkaline  pumping  liquors  “  The  foam  of 
boiling  salt  solutions  can  be  broken  by  forcing  it  through  a  spar  - 
gap43.  It  is  unknown  whether  the  sparks  act  through  the  heat  evolved 

or  by  another  mechanism.  .  .  „roo 

Chaminade44  destroyed  froth  by  radioactive  irradiation. -A box  was 

filled  with  aged  froth  of  a  solution  of  sodium  lauryl  sulfate  (o  per  cent) 

one  cm  o  ±  0  05  bubble  was  destroyed  by  one 

and  collapse  finally 
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ceased  when  there  was  a  depression  in  the  foam  underneath  the 
polonium  source  and  the  walls  of  the  depression  were  3.8  cm  distant 
from  the  source.  This  distance  (3.8  cm)  is  the  length  of  the  trajectory 
of  a-particles  of  Po  in  air.  When  the  irradiation  was  too  strong  (over 
10,000  a-particles  per  sec  and  cm2),  the  liquid  from  the  ruptured 
hubbies  enhanced  the  stability  of  the  lower  layers,  and  the  efficiency 
of  bombardment  was  small. 

Ader  continued  Chaminade’s  work  and  found  that  bubbles  rup¬ 
tured  first  in  3  cm  distance  from  the  polonium  preparation.  At  this 
distance  the  ionising  action  of  the  a-particles  has  a  maximum.  When 
a  flat  slab  of  froth  was  deposited  on  a  glass  plate  near  a  polonium 
emitter,  the  slab  was  gradually  cut  in  two,  and  the  cut  was  approxi¬ 
mately  3  cm  from  the  emitter. 
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6. 


OPTICAL  PROPERTIES  OF  FOAMS 


Section  79.  The  striking  colors  of  soap  films  are  caused  by  the 
interference  of  light  reflected  from  the  two  surfaces  of  the  lamellae. 
A  mathematical  expression  for  this  interference  can  be  deduced  using 
f  ig.  3/.  In  it  8  is  the  thickness  of  the  film.  The  beam  of  light  coming 
from  A  is  partly  reflected  at  the  phase  boundary  giving  rise  to  beam 
BC  and  partly  refracted  (beam  BO).  The  refracted  beam  is  reflected 
from  the  opposite  phase  boundary  at  O  and  finally  is  refracted  into 
the  gas  space  at  D  (beam  DE).  There  is  a  phase  difference  between 
the  two  resulting  beams,  one  of  which  reached  the  line  CD,  normal  to 
BC  and  to  DE,  coming  from  B  in  air,  while  the  other  travelled  from 
B  to  0  and  D  in  the  film.  From  Fig.  37,  BC  =  25  tan  0- sin  a  and  (BO 
+  OD)  is  25/cos  0.  As  the  wavelengths  in  air  (X0)  are  n  times  those 
in  the  lamella,  if  ms  the  refractive  index  of  the  latter,  the  optical  path 
of  the  beam  BOD  is2rc5/cos  0.  The  difference  between  the  two  optical 
paths  is,  then,  A  =  (2n$/cos  0)  -  28  tan  0-sin  a  or 


Figure  37.  Reflection  of  light  from  foam  lamellae. 


since  sin  a -sin  0 


A  —  2nS  cos  0 

n  '  s^n  As  function  of  the 

A  =  2 8{n2  —  sin2  «) 1/2 


(38) 

angle  of  incidence  a 
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(39) 
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The  difference  expressed  in  wavelengths  is 


A  2 nS  cos  /3 

Xo  Xo 


(40) 


As  light  advances  by  X0/2  when  reflected  from  an  (optically)  denser 
medium,  0.5  has  to  be  added  to  the  right-hand  side  of  equation  (40) 
to  obtain  the  difference  between  the  numbers  of  wavelengths  in  the 

two  beams.  Therefore,  when  —  is  equal  to  •  •  •  ,  this  difference 

Xo 

is  one,  two,  •  •  •  whole  wavelengths,  the  two  beams  are  in  phase,  and 

the  reflected  light  is  at  its  brightest.  When  —  is  0,  1,2,  •  •  •  ,  then  the 

Xo 

difference  is  — ,  — ,  •  •  •  ,  the  two  beams  cancel  each  other,  and 

2  2  2 

no  light  is  reflected. 

Clearly,  examination  of  a  film  in  monochromatic  light  allows  de¬ 
termination  of  its  thickness.  Thus  (see  equation  (39))  there  are  max- 

Xo  3X0 _ 

ima  of  reflection  when  5  is  equal  to  4(n*  _  ’  4  {n  -  sin2  «)1/2 

etc.  Hence,  if  the  angles  a  corresponding  to  two  or  more  succeeding 
maxima  of  brilliancy  have  been  determined,  8  can  be  calculated.  This 
is  possible,  however,  only  as  long  as  8  is  either  smaller  than  X0  01 
not  much  greater  than  X0;  when  S/X 0  is  large,  the  difference  between 
two  successive  a  is  too  small. 

When  the  incident  light  is  white  and  the  reflected  beam  is  viewed 
in  a  spectroscope,  dark  bands  are  visible.  If  their  number  is  m  between 
the  wavelengths  X'  and  X",  X'  being  greater  than  X"  and  both  being 
measured  in  air,  then 


5  = 


mX'X" 


(41) 


2 n  cos  /3(X'  —X") 

This  equation  is  readily  deduced  starting  from  (40).  There  is  darkness 
when  2ni  cos  (3  is  equal  to  a  whole  number  of  wavelengths.  Suppose 

this  number  is  k  for  X',  i.e., 

2nS  cos  /3  =  A*X' 

At  some  smaller  wavelength,  say  X"',  2n»  cos  d  will  be  equal  to  (k 
+  1  )X'",  and  so  on,  until  the  wavelength  X  is  reached.  As  the  . 
are  m  bands  between  X'  and  X”  (including  one  of  these) ,  2n« i  cos  0 
(k  +  m)X".  From  this  and  equation  (42)  it  follows  tha  • 

+  m)X".  i.e.,  k  =  mX7(X'  -  X").  Setting  this  expression  foi  k  into 

(42)  yields  (41). 
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Section  80.  Equations  of  section  79  are  not  sufficient  to  deter¬ 
mine  the  color  of  a  thin  film.  If  (see  equation  (40))  2nd  cos  0  is  equal 
to  the  wavelength  of,  for  example,  sodium  light  (X0  =  589  mju),  then 
this  part  of  the  spectrum  will  be  extinguished  or  weakened,  and  the 
film  will  have  the  complementary  tint,  i.e.,  appear  blue  or  violet.  A 
more  precise  description  of  this  color  cannot  be  given  as  long  as 
purely  physical  (as  opposed  to  physiological)  viewpoint  is  taken. 
Prediction  is  even  more  difficult  if  more  than  one  wavelength  is  ex¬ 
tinguished.  Thus,  2nd  cos  0  may  be  equal  to  two  wavelengths  of  a  red 
(X0  =  980  mu)  and  three  wavelengths  of  a  blue  (X0  =  453  m/i),  and 
both  these  parts  of  the  spectrum  will  be  weakened  in  the  reflected 
light. 

An  approximate  equation  for  the  intensity  I  of  the  reflected  light  is 


/ 

y  =  K  sin2 


2irn8  cos  /3 

~xT 


(43) 


1 0  *s  tbe  density  of  incident  light  and  K  is  a  constant  showing  what 
fraction  of  this  intensity  is  reflected  under  the  most  favorable  con¬ 
ditions,  i.e.,  when  sin(27m5  cos  0/\o)  =  1.  If  it  is  assumed  that  K  is 
independent  of  wavelength  (which  need  not  be  always  true)  and 
n  is  also  (this  assumption  is  always  inexact),  then  I/I0  is  a  simple 
function  of  5  cos  0  and  X0  and  can  be  calculated  for  any  number  of 
di  fferent  wavelengths  and  any  value  of  8  cos  0.  If  in  addition  it  is  known 
whatis  the  physiological  color  of  light  whose  intensity  /  is  known  as 
function  of  X0,  then  the  quality  of  the  color  can  be  determined 

SUCh  a,CalCulation  and  obtain*!  -suits  sum- 

intematioll  stlnrl  77'  graPhS  with  the  modem 

ntemational  standards  have  been  traced  by  Kubota2,  but  only  for 

J ITZu*  “'I  g‘ar  a,'d  thi"  of  ah  betw“n  two 

g  plates.  In  1  able  8  each  color  is  expressed  as  sum  of  three  stu.d 

aid  colors  namely,  orange  red  (X0  =  G30.2  mM),  green  (X0  -  528  1  m  ) 
and  blue  (X0  =  456  9  mu)  Tn  ^A°  ~  mM), 

to  J.  C.  Maxwell’s  wife  the  l ^  C°f°r  whlch  aPPeared  as  white 

3.973  6  520  and  6  460  Sf  lntenS!ties  of  three  rays  had  to  be 

To  obtain  pure  spectral"  coloTJ  ^  ^  ^  “  Table  8* 

of  the  three  standards,  the  in^W^^M  ^  tW° 
cent  of  the  total  intensity  or  less  This  JT  wi'  bTg  ab°Ut  5  per 
table  are  purer  (spectrallv)  the  ■  n  fanS  that  the  colors  in  the 

component.  The  first  column  of  The  T  hT  COntnbution  of  a  third 

2n5  cos/3  inM  (  =  10~4em)  If  the V  ht  f T  6  COntains  the  values  of 

cm).  If  the  light  falls  normally  on  the  film  (i.e., 
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cos  (3  =  1)  and  n  =1.4  (as  for  many  soap  solutions),  then  the  values 
of  the  first  column  must  be  divided  by  2.8  to  obtain  the  film  thickness 
in  10~4  cm.  The  other  columns  show  the  intensities  of  the  three 
standard  colors  which,  combined,  would  reproduce  the  color  of  the 


Table  8.  Composition  of  Light  Reflected  from  Films  of  Thickness  8 


In  S  cos  0 

Intensity  (Arbitrary  Units) 

in  10~4  cm 

Xo  =  630.2 

Xo  =  528.1 

Xo  =  456. 9in 

(white 

3.973 

6.520 

6.460) 

0.2725 

3.82 

6.46 

5.87 

0.3519 

3.75 

5.07 

2.79 

0.4060 

3.01 

3.20 

0.82 

0.4342 

2.51 

2.23 

0.27 

0.4569 

2.04 

1.49 

0.18 

0.4751 

1.67 

1.01 

0.27 

0.4997 

1.20 

0.53 

0.69 

0.5281 

0.75 

0.26 

1.63 

0.5449 

0.49 

0.26 

2.25 

0.5831 

0.13 

0.67 

3.81 

0.6302 

0.09 

1.82 

5.44 

0.7120 

0.99 

4.44 

5.87 

0.7923 

2.59 

5.95 

3.37 

0.8392 

3.29 

5.77 

1.71 

0.8933 

3.78 

4.68 

0.59 

0.9204 

3.81 

4.04 

0.58 

0.9475 

3.74 

3.17 

0.93 

0.9745 

3.50 

2.40 

1.59 

1.029 

2.68 

1.26 

3.42 

1.083 

1.67 

0.93 

5.08 

1.137 

0.79 

1.48 

5.71 

1.191 

0.29 

2.68 

5.02 

1.245 

0.35 

3.96 

3.43 

1.299 

0.91 

4.91 

1.86 

1.326 

1.33 

5.13 

1.31 

1.353 

1.79 

5.17 

1 .03 

2nS  cos  (3  Intensity  (Arbitrary  Units) 

10-4  cm.  Xo  =  630.2  Xo  -  528.1  Xo  =  456.9 


1.408 

2.69 

4.72 

1.42 

1.435 

3.06 

4.30 

1.95 

1.462 

3.33 

3.78 

2.68 

1.516 

3.51 

2.75 

4.15 

1.570 

3.20 

2.01 

5.03 

1.624 

2.53 

1.77 

4.93 

1.678 

1.75 

2.11 

3.97 

1.732 

1.09 

2.82 

2.74 

1.787 

0.76 

3.56 

1.85 

1.814 

0.74 

3.87 

1.71 

1.841 

0.83 

4.12 

1.75 

1.868 

1.00 

4.26 

1.99 

1.895 

1.26 

4.32 

2.41 

1.922 

1.55 

4.27 

2.91 

1.976 

1.86 

4.13 

3.41 

2.003 

2.45 

3.69 

4.17 

2.057 

2.83 

3.16 

4.48 

2.111 

2.93 

2.76 

4.02 

2.166 

2.72 

2.56 

3.24 

2.220 

2.35 

2.62 

2.45 

2.274 

1.89 

2.85 

2.28 

2.328 

1.52 

3.47 

2.98 

2.382 

1.32 

3.17 

2.52 

2.436 

1.34 

3.65 

3.69 

2.490 

1.53 

3.73 

4.04 

2.545 

1.83 

3.67 

3.84 

light  reflected  by  the  Him.  For  example,  the  intensities  for  2ni  cos  (3 
0  2725  u  are  very  similar  to  those  found  for  white;  hence  the  film 
aDpeare  almost  white  in  reflected  light.  If  the  ratios  of  the  numbers 
in  the  2nd  3rd  and  4th  columns  are  equal,  then  the  shades  of  the  lig 
reflected  a’re  identical  although  the  intensities  -y  be  different.  Thus 
the  ratiosata  valueof  2«5  cos  0 

will  be  almost  equal  to  those  at  2ni  cos  1?  =  0.9204  a, 
all  intensity  is  greater  for  the  thicker  film. 
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Section  81.  The  colors  represented  in  Table  8  belong  to  the  first 
five  orders.  When  the  film  thickness  increases  starting  from  nothing, 
the  tints  more  or  less  repeat  themselves.  Every  succession  of  colors 
ending  in  red  is  an  order.  The  names  given  to  the  tints  slightly  vary 
according  to  the  observer.  Reinold  and  Riicker3  compiled  the  follow¬ 
ing  list.  1  he  numbers  mean  the  values  of  nd  (not  2 n8)  corresponding 
to  the  center  of  the  band  having  the  color  designated  left  of  the 
number. 


First  Order 

Black 

White 

Yellow 

Red 


Fourth  Order 

Green 

^  ellow-green 
Red 


Second  Order  Third  Order 


Purple 

0.305  M 

Purple 

0.559  M 

Blue 

0.353  n 

Blue 

0.603  M 

Green 

0.409  /x 

Green 

0.656  M 

Yellow 

0.454  M 

Yellow 

0.710  n 

Orange 

0.491  M 

Red 

0.765  n 

Red 

0.522  M 

Bluish  red 

0.815  n 

F'ifth  Order 

Sixth  Order 

0.893  M 

Green  1 . 188  M 

Green 

1.479  n 

0 . 964  fx 

1.052  ju 

Red  1 .335  n 

Red 

1.627  M 

Seventh  Order 


Green 

Red 


1.787  n 
1.936  M 


Eighth  Order 

Green  starts  at  2.004  M 
Red  starts  at  2.115  M 


These  values  determined  experimentally  on  soap  films  may  be 

«hiteaif  fi  ’’fand|  Supplemented  by.  the  data  of  Table  8.  Thus  the 
hite  of  the  first  order  has  2n<5  of  about  0.27  a  (i  e  n8  =  ni^  ^ 

whiteOatP0Sit'0lnOf  th;  'ight  refleCted  by  such  ’s  nearly  (hat  of 
Tho  t  !  -S  a,yellowish  wh,te  since  there  is  a  slight  deficiency  of  blue) 

"*  r.  Sirs.?,  tTZ  All  rT™  "ir 

2nd  —  o  4Q  •  n  ^lst  01  ^er  this  state  is  reached  at 

O^may9 KST’  “*  **  ^  —ponding  tot?  = 

sudden  when  the  7oZ  mo^  from  !'  end  oHhZ™  1  Part.icularly 
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The  colors  nearest  to  pure  spectral  colors  are  a  bluish  violet  of  the 
second  order  (2nd  =  0.6302  n),  a  yellow  of  the  2nd  order  (2nd  = 
0.9204  ju),  and  a  blue  of  the  third  order  (2nd  =  1.191  m)-  The  best 
greens  of  the  3rd  and  the  4th  order  (2nd  =  1.326  n  and  2nd  =  1.841 
n,  respectively),  although  they  contain  considerable  amount  of  white, 
are  very  brilliant.  At  greater  thicknesses,  when  2nd  is  greater  than, 
say,  2  lx,  the  hues  are  little  sensitive  to  thickness  d.  The  deterioration 
of  colors  occurring  on  increase  of  d  can  be  shown  by  the  values  of 
the  successive  minima  of  the  intensities  listed  in  Table  8.  tor  Xo  = 
630.2  niju  they  are  0.09,  0.29,  0.74,  and  1.32,  for  Ao  =  528.1  mn  0.26, 
0.93,  1.77,  and  2.56,  and  for  X0  =  456.9  niju  0.18,  0.58,  1.03,  1.71,  and 
2.52.  When  d  increases,  spectral  purity  of  the  reflected  light  tends 
to  decrease. 


Section  82.  Table  8  embraces  only  films  for  which  2nd  cos  0  is 
0.2725  n  or  greater.  Fig.  38  illustrates  a  method  of  judging  the  hues 
of  thinner  films4.  Its  ordinate  shows  the  luminosity  of  rays  whose 
wavelength  is  plotted  along  the  abscissa.  The  upper  curve  is  for 
white  light;  it  has  a  maximum  in  green  because  the  sensitivity  oi 
human  eye  to  green  is  greater  than  to  any  other  color,  and  when  the 
physical  intensity  of  all  colors  is  equal,  green  appears  the  most  in¬ 
tense.  To  obtain  physiological  intensities,  i.e.,  luminosities,  the  in¬ 
tensities  calculated  from  equation  (43)  must  be  multiplied  with  t  e 
sensitivty  of  the  eye  to  the  wavelength  concerned.  The  results  of 
this  multiplication  are  shown  along  the  ordinate  of  big.  38  ioi  severa 
verv  thin  films.  The  abscissa  represents  frequency,  here  the  number  o 
vibrations  in  1(T12  sec.  The  figures  marked  at  the  curves  mean  nd 
of  the  film  in  units  equal  to  6  X  1<TT  cm;  thus  the  luminosity  o a 
film  whose  n*  is  6  X  1<T7  cm  is  shown  by  curve  1.  This  lummosi ty 
is  minute  and  the  film  is  black.  As  long  as  nd  is  very  small,  si 

«/I)’is  approximately  equal  to  (2«n8/U)\  ~Z  Z 
times  when  A„  decreases  to  one-half  from .  extreme  red ^to <  extre 
violet.  The  variation  of  the  sensitivity  of  he  eye  with  Xo 
Hence  the  luminosity  curve  of  very  thin  films 

the  film  appears  grey  At  nh  '  yellow.  Between 

the  film  is  white,  and  at  nS  -  0.234  n,  cune  .  colors 

curves  46  and  47  (nS  =  0.276  and  0.2S2  m,  respective.^ 

are  “sensitive.” 
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Equation  (43)  allows  calculation  of  the  product  n8.  A  more  com¬ 
plicated  optical  method  yields  the  values  of  n  and  5  separately.  It  is 


v — ► 


iguke  38.  Physiological  intensity  of  light  reflected  hv  r 
number  of  vibrations  in  l<r"sec  FimrJ„  by  °T  Abscissa: 

cm.  From  Ann.  phyx.  (9)  jo  99  (19J| >  '  1  urves  are  nS  m  units  of  6  x  IQ-' 
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tion  of  n  and  6  from  the  results  of  measurement  cannot  be  indicated 
here  (see  ref.  6).  This  method  is  particularly  useful  for  foam  films 
thinner  than  those  showing  white  of  the  first  order.  Its  application  is 
mentioned  in  section  91. 


Section  83.  In  sections  79  to  82  the  optical  properties  of  single 
films  were  reviewed.  Of  the  optical  properties  of  multicellular  foams 
only  light  transmission  seems  to  have  been  measured7.  White  light 
of  intensity  70  -traversed  a  layer,  1  cm  thick,  of  foam  and  decreased 
in  intensity  during  the  process.  A  part  of  this  decrease  was  due  to 
absorption  of  light  in  the  liquid  present  in  the  foam.  If  the  intensity 
of  the  emergent  light,  corrected  for  this  absorption,  is  7,  it  is  found 

that  —  =  —  -f-  b,  R  being  the  average  radius  of  the  bubble  and  a 

/  R 

and  b  constants.  If  it  is  remembered  that  the  number  of  bubbles 
traversed  by  the  beam  along  the  1  cm  stretch  is  N  =  ^  t^ie  a^ov  e 
relation  can  be  written  as 

-  =  2  aN  +b  (44) 

I 


Evidently  b  should  be  equal  to  1,  as  there  is  no  loss  m  intensity  when 
N  =  0  'but  experiments  for  three  solutions  of  hydrolyzed  keratin 
gave  about  - 16  as  the  value  of  b,  while  a  5  per  cent  solution  of  potas¬ 
sium  coconut  oil  soap  really  yielded  b  =  1.  The  theoretical  deduction 
of  equation  (44)  given  in  the  original  paper  does  not  appear  convmcmg 
and  is  not  reproduced  here.  The  ratio  ///.  was  0.05  for  AT  -  45  and 
0  02  for  AT  -  80  in  a  foam  of  5  per  cent  hydrolyzed  keratin;  that  is, 
80  bubbles  reduced  the  intensity  of  light  to  1/50.1,  of  the  initial  value. 

References 

I.  Rayleigh,  J.  W.  S„  Paper,  *  *  ^ 

3.  “d’.A.  W.  W„  Trans.  Hay.  Sac.  iLondan}.  .72,  447 

4  Wells  P  V-  Ann.  phys.  [0]  16,  fill  (11121). 

5.  Drude,  P„  Ann.  Pkysib  [3]  43,  158  (1891) 
c  Vqsicek  A  J.  Optical  Soc.  Am.,  37,  (iw )■ 

7.  Claik  N.  O.,  and  Blackman,  M„  Trans.  Faraday  Sec.,  44.  7  (1.148). 
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ELECTRICAL  PROPERTIES  OF  FOAMS 


Section  84.  Not  much  is  known  concerning  electrical  properties 
of  foam.  For  example,  no  measurement  could  be  found  of  the  di¬ 
electric  constant  of  a  froth.  However,  electrical  conductance  has 
been  determined  for  both  single  films  and  multicellular  foams. 

For  the  measurements  on  single  films,  direct  current  and  needle 
electrodes  were  used.  The  disadvantage  of  direct  current  (polariza¬ 
tion  of  the  electrodes)  is  well  known.  Unfortunately  the  usual  method 
is  difficult  to  apply  because  of  the  variable  thickness  of  the  film 
(see  below).  The  procedure  worked  out  by  Remold  and  Rucker  was 
as  follows1' 2'  3.  A  large  foam  film  is  produced.  Two  gold  needles  are 
made  to  pierce  it,  current  of  known  intensity  is  sent  through  the 
needles,  and  the  potential  difference  ^  between  them  is  determined. 
Then  the  needles  are  immersed  to  depth  80,  at  the  same  mutual  dis¬ 
tance,  m  the  solution  (of  conductivity  k0)  from  which  the  foam  was 
made,  the  same  current  is  sent  through  them,  and  the  potential 
difference  <*  is  measured.  If  the  film  thickness  determined  optically 
see  C  hapter  6)  is  8,  then  the  specific  conductivity  k  of  the  film  is 


K  = 


8<p 


«o 


(45) 


value8  .C‘ear  that  eq“ation  <45>  «an  be  applied  only  if  J  has  a  definite 
alue,  i.e.,  the  film  has  a  constant  thickness  between  the  electrodes 

an  over  a  considerabR  area  around  them.  This  is  a  condition  not 

y  o  realize  A  measure  of  success  was  achieved  only  after  a  special 

perature  between  19°  and  20“  Wh"*  Wa*  mdePend<®t  of  tem- 
■say.  first  .sensitive  purple  (Action /if  l  0  t'f  h»d  thil™d  “>■ 
to  thin  again,  the  ratio  assumed  its  pr^ouTvle"”1  ^ 
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The  experimental  results  described  in  the  1893  paper  are  somewhat 
different  from  those  reported  earlier  and  alone  are  reviewed  here.  It 
was  found  that  the  ratio  bypo/fy  was  never  smaller  than  one  and 
depended  on  b  and  the  nature  of  the  solution.  For  the  thicknesses 
97,  296,  and  641  m/x  this  ratio  was  4.47,  1.98,  and  1.66,  respectively, 
when  the  solution  consisted  of  1  part  sodium  oleate  and  60  parts 
water.  For  a  foam  of  sodium  oleate  1  part,  potassium  nitrate  1.8 
part,  and  water  60  parts,  the  ratio  varied  irregularly  between  1.0 
and  1.27;  and  it  was  not  distinguishable  from  one  for  a  solution 
made  up  of  3  volumes  of  the  just  mentioned  liquid  and  2  volumes  of 

glycerol.  3 . 

To  account  for  these  observations  Reinold  and  Rucker  introduced, 
ten  years  before  Smoluchowski,  the  notion  of  surface  conductance. 
They  pictured  the  film  as  consisting  of  two  surface  layers,  each  x 
cm  thick,  and  interior  liquid  whose  thickness,  then,  was  5  —  2x.  If 
the  specific  conductivity  of  the  surface  layer  is  «s,  that  of  the  interior 
liquid  K\  and  that  of  the  liquid  in  bulk  ko,  then 

k  _  2 XK,  +  (5  -  2s)  m  or  *_  =  *  +  2S  u,  Tjci)  (46) 


If  equation  (46)  were  correct,  the  ratio  */»  (or  WW  ' 

linear  function  of  1/a  and  the  intercept  of  the  straight  line  with  t  e 
axis  at  (1/5)  =  0  would  show  the  ratio  of  the  conductivities  k.  and 
n  The  three  values  mentioned  in  the  previous  paragraph  are  not  in 
agreement  with  equation  (46),  but  still  seemed  to  Remold  and  Rucker 
to  indicate  that  «  was  not  equal  to  h-  The  second  term  o  e  g 
hand  side  of  equation  (46)  contains  two  unknowns  (x  and  -c,)  it 
difference  between  «,  and  «  is  neglected,  and  thus  cannot  he  used 


CaHow^vereunpublished  calculations  show  that  the  above  experh 
rnSlt;  can  be  accounted for  b, 

anions  with  the  corresponding  cations  foim.ng  two 
layers  in  the  liquid  body  of  the  lamella. 

Section  85.  ^ro.°Taking 

^ m  m,  for  the  standard  (,)  he  found 
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the  ratio  k/ko  to  be  1.79  for  5  =  300  m/x,  1.71  for  8  —  272  m/x,  2.58 
for  5  =  164  m/x,  2.71  for  8  =  140  m/x,  and  2.57  for  8  =  121  m/x.  In 
spite  of  the  considerable  spread  of  the  values  it  is  clear  that  the  ratios, 
as  a  rule,  are  greater  the  smaller  8.  A  quantitative  evaluation,  such 
as  by  means  of  equation  (46),  evidently  is  impossible. 

Different  results  were  obtained  with  a  different  set-up4.  A  hori¬ 
zontal  soap  film  was  produced  in  a  dish.  The  lid  of  the  dish  contained 
two  platinum  needles  which  pierced  the  film  when  the  lid  was  put  on. 
Then  the  dish,  including  the  lid,  was  rotated  in  the  horizontal  plane. 
Because  of  centrifugal  force  the  liquid  gradually  thinned  starting 
from  the  middle.  In  monochromatic  light,  bright  and  dark  rings  moved 
toward  the  periphery  of  the  film.  When  the  needles  were  in  the  middle 
of,  for  example,  a  bright  ring,  the  electric  current  strength  between 
them  was  determined.  At  constant  applied  voltage  it  was  propor¬ 
tional  to  the  film  thickness  between  200  and  1200  m/x.  The  8  was 
determined  optically. 

Rickenbacher  using  the  second  method  of  Hagenbach  observed 
proportionality  between  current  strength  and  8  when  the  latter 
\aiied  from  100  to  500  m/x.  An  increase  in  conductivity  was,  however, 
noticed  at  the  lower  limit  of  this  range. 


Section  86.  Surface  conductance  of  a  liquid  usually  is  associated 
with  electric  double  layer  near  the  surface,  that  is,  with  electrokinetic 
effects  (see,  e.g,  ref.  6).  One  of  the  four  major  electrokinetic  phe- 
nomena  !s  electroosmosis,  i.e.,  movement  of  liquid  in  constant  elec- 
nc  held.  Such  a  movement  was  observed  by  Remold  and  Rucker7 
owmvard  elect™  current  accelerated  the  drainage  of  a  vertical 
him  a  potassium  soap  solution,  while  upward  current  prevented 
t  immng  and  when  sufficiently  strong,  caused  even  oozing  of  droplets 
at  the  wire  from  which  the  Him  was  hanging.  Thus  L  a,  ueou 
solution  was  positive  and  the  surface  layers  were  negative.  A  property 
common  to  nearly  all  electrokinetic  effects  is  their  depression  bv 
relatively  large  amounts  of  electrolytes  The  reduction  of  t 

z« z:  sTtffi,  "y  18  part  potassi"m  -  oo  pi,  ts  wit:: 

Unfortunately  the  a  nhl  ?  fm°ng  electrok™«*  effects, 
no  measurements  follo^  £ 
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comparison  of  electroosmosis  and  surface  conductance  in  foam  films 
impossible  until  new  experimental  data  have  been  procured. 


Section  87.  The  electric  conductance  of  multicellular  foam  of  a 
synthetic  detergent  was  shown  to  be  proportional  to  the  amount  of 


Soc.,  44,  13  (1948). 


liuuid  in  the  froth”.  A  more  definite  regularity  was  noticed  by  Clark  . 
Fig  3!)  combines  his  results  for  five  aqueous  solutions  whose  con¬ 
ductivities  ranged  from  2  X  10  4  (sodium  alginate  +  sapomm )  to 
c  *  10“3  ohm-1  cm  (ferrous  protein  hydrolyzate) .  I  he  ratio  of  t 

,  x  .  .  c  i  ■  •  \  nA  i  e  o/\p\  (see  section  62)  is  plotted  along 

densities  of  liquid  and  loam,  i.e.,  p  iPl  v  pWtric 

the  ordinate,  while  the  abscissa  represents  the  ratio  of  th,  e  ecti, 
conductances  liquid:  foam.  It  is  seen  that  one  curve  suffices  fo,  all 
the  solutions  tested;  that  is,  by  “diluting"  a  liquid  with  air  1  ®  ™" 
ductance  is  reduced  in  a  ratio  independent  of  the  specific  con.  i  <  . 
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of  the  liquid.  The  ratio  of  the  conductances  k0/[k],  [k]  being  the  con¬ 
ductance  of  foam,  is  greater  (e.g.,  50)  than  the  ratio  of  the  densities 
p/[p]  (e.g.,  20)  for  the  same  system.  As  no  explanation  of  this  fact 
is  attempted  in  the  original  publication,  the  following  qualitative 
discussion  may  be  welcome. 

Clearly,  conductance  is  lowered  not  only  because  there  is  less 
liquid  but  also  because  this  liquid  is  distributed  in  an  unfavorable 
manner,  imagine  foam  as  aggregation  of  cubic  bubbles  (see  Fig.  40a), 
and  let  the  current  flow  in  the  direction  of  the  arrow.  The  films  nor¬ 
mal  to  the  arrow  (and  the  plane  of  the  paper)  do  not  participate  in 
the  transport  of  electricity.  Thus  two  out  of  six  sides  of  eveiy  cube 
make  no  contribution  to  conductance.  A  better  approximation  is 


(b) 


Imgure  40.  Schematic  explanation  of  the  results  of  Figure  39.  See  in  text 


achieved  by  likening  foam  to  the  system  of  Fig.  40b  in  which  (see 
section  15)  not  more  than  three  films  come  together  in  a  liquid  vein 

the^tVofth  "r  n°rmal  tf! the  arrow  "ot  “  to  increase 
he  width  of  the  path  open  to  electricity  but  actually  increase  the 

ength  of  this  path,  as  exemplified  by  the  thick  line  in  Fig  40b  If 

his  second  effect  is  about  as  great  as  that  illustrated  in  Fig  40a 


“  . . -  «  =.« 
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bubble10.  Apparently  this  interesting  effect  has  never  been  studied 
in  quantitative  manner. 
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RADIUS  OF  MOLECULAR  ACTION. 
BLACK  SPOTS 


Section  89.  Extremely  thin  foam  films  have  been  of  great  im¬ 
portance  to  the  molecular  theory.  Laplace’s  explanation  of  surface 
tension  is  based  on  the  idea  of  a  sphere  of  molecular  action.  Molecules 
whose  spheres  of  action  lie  wholly  within  the  liquid  are  neither  at¬ 
tracted  by,  nor  repelled  from  the  surface,  while  on  molecules  whose 
distance  from  the  surface  is  less  than  the  radius  of  this  sphere  a  re¬ 
sultant  force  acts  directed  to  the  interior  of  the  liquid.  When  the 
liquid  is  piesent  as  a  film  thinner  than  the  diameter  of  the  sphere  of 
action,  no  molecule  has  its  sphere  filled  with  liquid,  there  is  less  dif¬ 
ference  between  the  molecules  near  to  and  further  from  the  surface, 
and  surface  tension  of  such  films  should  be  less  than  that  of  liquid  in 
bulk  and  also  should  decrease  as  the  film  thickness  decreases  Thus 
if  surface  tension  7  of  films  of  gradually  diminishing  thicknesses  is 
(  etermmed  and  that  thickness  8m  is  found  at  which  7  starts  to  de¬ 
crease,  this  8m  is  the  diameter  of  the  sphere  of  molecular  action. 

lateau  was  the  first  to  attempt  measurement  of  8m .  He  blew  soap 
bubbles  at  one  end  of  a  vertical  U-tube  partly  filled  with  water.  The 
meniscus  m  the  open  half  of  the  tube  was  higher  than  in  the  half  closed 
>\  the  soap  bubble  since  in  the  interior  of  a  bubble  of  radius  R  the 
pressure  is  by  4 y/R  higher  than  the  atmospheric  (see  section  64) 

,  then,  the  bubble  was  allowed  to  drain  without  altering  its  shape 

1  ch,  ’  ChangMm  tHe  rdatiVe  P°siti0n  of  the  menisci  w°uld  signify 
as  thin  Vs'  PI  !'°  n™*6,'™8  visible  even  when  the  films  were 

(=  U4  v  m-  T  Pr0dUCe'  His  thinnest  film  was  0.114  „ 
1-14  X  10  cm),  optically  determined  (section  79)  so  that  the 
rad, us  of  molecular  action  must  be  less  than  0.057  a. 

kimilar  experiments  have  been  performed  bv  C  tv  j  A/f 
brugghe  (1866,  1867)  Remold  and  Pom,  2ii  ‘  ^  an  der  Mens- 

at  the  opposite  ends  of  a  ^  “be  The  1^7  ^  bubbleS 

sions,  hence  also  eonsl  „  m  bubbIes  had  equal  dimen- 

no  transport  of  air  between  ^  Pr^.UreS  (47//l>)’  a"d  there  was 

allowed  to  drain  while  the  r  ^  °ne  °f  the  bubbles  was 

from  time  to  time.  It  was  expected  that  huhUe  Was  rePlenished 

expected  that,  as  soon  as  the  wall  thickness 
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of  the  first  bubble  descends  below  5„, ,  a  difference  in  7  and  capillary 
pressures  between  the  two  bubbles  would  be  established  and  air 
transport  would  be  noticed.  This  did  not  happen  even  in  films  as 
thin  as  0.012  ju  (=  1.2  X  10-6  cm)  (optically  determined).  The 
sensitivity  of  the  instrument  was  claimed  to  be  such  that  0.5  per 
cent  change  in  7  would  be  detected.  The  radius  of  the  sphere  of 
molecular  action  then  would  be  less  than  0.006  /x. 

Drude3  used  soap  films  as  magnifying  glass.  He  viewed  an  object 
through  a  soap  bubble  with  a  telescope.  In  thinning,  the  bubble 
showed  patches  of  different  colors,  i.e.,  also  of  different  thicknesses. 
When  the  object  was  viewed  first  through,  say,  a  thick  and  then  a 
thin  part,  the  magnification  remained  unaltered.  This  proves  that 
the  curvature  of  the  bubble  was  constant  independently  of  the  wall 
thickness.  Thus,  7  also  must  have  been  constant  because  theie  tan 
be  only  one  value  of  the  capillary  pressure  Ay/R  inside  a  bubble. 
The  thinnest  spot  for  which  the  constancy  of  7  could  thus  be  demon¬ 
strated  was  0.017  n  thick. 

Johonnot4  lifted  a  cylindrical  film  by  a  glass  ring  from  the  surface 
of  a  2  per  cent  sodium  oleate  solution  and  measured  the  pull  on  the 
ring  when  the  film  was  so  thick  as  to  show  no  color,  when  its  thickness 
became  0.012  M,  and  when  it  was  0.006  M  (both  determined  optically). 
The  change  in  the  pull,  i.e.,  also  in  surface  tension,  was  not  moie 

than  1  to  2  per  cent. 


Section  90.  Black  patches  are  often  seen  in  foam  films  of  sufficient 
stability  (soaps,  sodium  a-tocopheryl  phosphate  and  so  on).  A  film 
must  look  black  or  nearly  black  when  it  is  very  thm  (see  section  83k 
But  “black  spots”  are  not  only  very  thin ;  they  also  qualitatively  di 
from  thicker  lamellae.  All  the  observations  reported  m  this  sect! 
have  been  made  on  various  soap  films  as  black  films  o  o  er  i  om 
positions  were  not  made  objects  of  quantitative  study. 

Black  patches  almost  always  are  contiguous  to  fields  of  a  much 

is  sent  through  a  soap  film,  the  shape,  size,  an  ..ff  ted5  When 
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this  in  its  plane  (see  section  85)  and  the  centrifuging  is  stopped,  the 
liquid  accumulated  along  the  periphery  of  the  film  starts  moving 
hack  toward  the  center,  and  the  currents  can  be  followed  by  color 
changes,  but  the  liquid  does  not  penetrate  into  the  black  field6. 

It  was  long  believed  that  black  films  differ  from  colored  films  also 
in  that  they  have  one  definite  thickness  (for  a  given  system)  while 
colored  films  can  have  any  thickness  [provided  that  their  nb  is  greater 
than,  say  0.14  n  (see  section  83)].  Now  it  is  known  that  several  black 
films  are  possible  (see  section  93)  but  it  is  still  true  that  black  spots 
which  spontaneously  form  in  soap  films  usually  have  thicknesses 
more  or  less  characteristic  of  the  solution  used. 


Section  91.  These  thicknesses  were  determined  either  by  optical 
or  by  electric  measurements.  If  light  passes  through  many  black  films 
arranged  one  behind  the  other  in  a  tube,  the  total  difference  in  the 
optical  path  is  the  sum  of  the  differences  caused  by  single  films  and 
can  be  estimated  from  the  color  of  the  reflected  light7.  The  total 
optical  thickness  divided  by  the  number  of  the  films  gives  the  average 
value  of  nb  (n  is  refractive  index,  b  thickness).  The  difference  in  the 
optu-al  paths  between  two  geometrically  equal  paths,  one  in  air  and 
ie  o  er  in  air  and  a  series  of  black  films,  can  also  be  determined  bv 
he  displacement  of  fringes  in  a  Michelson  interferometer8.  If  A  is 
h,s  displacement  and  N  the  number  of  films,  6  =  X0A/2 N(n  -  1) 
wavelength  in  air.  Alternatively,  the  thickness  can  be  es- 

82™:t1  eTmr  I  TtlClt'V  °f  light  refleCted  by  one  film  <see  section 
Th*  electncal  determination  of  S  is  based  on  the  assumption  that 

- thp  r  - 

equation  (45)].  ’  ’  a‘  *  =  K"  (see  sectl°"  84, 

film'gave  7TJZT  *  ““  thickne8s  of  the  «>«*  common  black 
17  t  ^  cenf  solution  of  sodium  oleate8  and  Iff  tn 

17tmM  f°r  a  S0di"m  °l«“e  solution  in  aqueous  ghW  The 
extensive  experiments  of  Reinold  and  RiiTw'.',  f  *  !  .  ’  The  ver>’ 

with  these  results.  They  yielded  tfiP  f  n  not  ln  agreement 

of  black  films  of  1  part  sodium  l  0  ,owing  values  for  the  thickness 
1  part  sodlum  oleate  in  x  parts  water: 


x  = 
8  = 


30 

22 


40 

22 


60 

28 


80 
29  n\fi 


At-  V  IUM 

‘  solution  of  sodium  oleate  in  40  ir«i 

m  40  volumes  water  and  27  volumes 
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glycerol  had  8  =  25  m/x.  These  values  are  greater  than  the  comparable 
values  found  by  the  other  investigators. 

Remold  and  Rucker  made  a  remarkable  observation  which,  ap¬ 
parently,  has  not  been  checked  by  any  later  scientist.  When  the 
solution,  besides  2.5  per  cent  sodium  oleate,  contained  0.5,  1.0,  or 
3  per  cent  potassium  nitrate,  the  thickness  of  the  black  film  was 
lowered  from  22  to  14.5,  13.5,  and  12.4  m/x,  respectively.  In  the  pres¬ 
ence  of  3  per  cent  potassium  nitrate,  8  did  not  markedly  depend  on 
the  soap  concentration.  As  the  existence  of  surface  conductance  in 
soap  films  makes  the  existence  of  electric  double  layers  in  them 
very  probable  (see  section  86),  it  is  tempting  to  correlate  the  decrease 
of  8  caused  by  an  electrolyte  to  similar  phenomena  attributed  to  the 
interference  of  electric  double  layers.  Some  aged  hydroxide  sols  form, 
on  standing,  parallel  horizontal  layers  of  thin  plates  separated  horn 
the  next  layers  by  intermicellar  liquid  or  more  dilute  sol.  The  mutual 
distance  of  these  layers  is  nearly  constant  in  a  given  sol  and  can  be 
determined  interferometrically  as  it  is  about  as  great  as  the  wave¬ 
length  of  visible  light.  When  an  electrolyte  is  added  to  such  a  system, 
the  distance  between  the  layers  decreases10.  Presumably  this  decrease 
is  due  to  contraction  of  the  double  layer  (see,  e.g.,  lef.  11).  Thee  eel 


for  the  experimental  data. 


and  148  to  154  mju9.  Addition  of  3  per 
§  to  11  nV  or  12  to  15  m/i1'  The  gres 
tical  5”  in  the  experiments  by  Reinold 
of  this  ratio  by  potassium  nitrate  v 


nitrate  well  accord  with  the  theory  of 
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section  86.  In  the  presence  of  3  per  cent  potassium  nitrate  the  “elec¬ 
trical  S”  (1 1  rrpz)  was  found  even  smaller  than  the  “optical  8”  (12  m ju) 
but  this  difference  probably  does  not  exceed  the  experimental  error. 
The  “electrical  S”  was  13  mju  when  2  per  cent  potassium  nitrate 
was  added,  24  m^u  for  1  per  cent  potassium  nitrate,  and  26.5  m/x  for  0.5 
per  cent  potassium  nitrate9. 


Section  93.  The  existence  of  more  than  one  black  film  was  known 
in  the  nineteenth  century,  but  Perrin13  discovered  a  whole  series  of 
black  films.  He  used  solutions  of  soap  and  a  dye  or  of  rosin  soap,  but 
5  per  cent  aqueous  potassium  oleate  solutions  without  any  addition 
serve  just  as  well14.  The  films  are  observed  in  a  microscope  provided 
with  a  vertical  illuminator  so  that  the  observer’s  eye  receives  re- 
fleeted  light  only.  After  aging,  these  films  exhibit  fields  each  having  a 
definite  thickness,  and  these  thicknesses  are  multiples  of  the  least 
thickness.  Thus  the  films  are  stratified,  they  consist  of  elementary 
leaflets,  all  identical,  placed  one  on  top  of  the  other  in  numbers 
wh,ch  vary  from  one  to  another  field.  Presumably  they  are  similar  to 
ftesh  built-up"  multilayers  (see  ref.  11,  p.  254)  and  different  from 
ordinary  loam  films.  In  the  latter,  there  is  liquid  between  the  two 
surface  layers.  The  least  amount  of  liquid  present  presumably  is 
determined  by  the  mutual  repulsion  of  the  two  double  layers  (see 
section  M).  Slightly  greater  liquid  layers  may  be  unstable,  but  con- 

thtkn  7  1“  qUld  'ayerS  Sh°uld  be  possible  whatever  their 

thickness.  On  the  contrary,  stratified  lamellae  contain  only  a  very 

small  amount  of  liquid,  and  this  liquid  is  not  concentrated  in  the 

1^  “  T  sP-d  ^ 

tion  m)  eSS1Ve  layere  0f  soap  fa«y  “id.  see  see¬ 

the ' 'iheZ  the  exaf  Stmcture  °f  Perrin’s  'amallae,  it  is  certain 
length.  This  hasTeen  shownT/two'  pr^eZr^Thf  “  f"ndamental 

. 

film’thick„eSs«I^:e^,,SFa,l0'Ved  ^  “  is  seen  that  tha 

0.354  „  (W„  is  ^  blUe  liRht  0f  = 

counted  when  the  lamella  thtned  from  a'^  k  ™ n  ”  ^7™ 
nosity  and  again  17  when  it  thinned  further  to  ^he  n^*™'™  Umi‘ 
brightness.  There  was  no  further  decrease 
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the  last  black  corresponded  to  the  thinnest  possible  film.  Hence,  the 
maximum  must  have  belonged  to  5  =  0.0885  \i  (equal  to  a  quarter 
of  the  wavelength  used)  and  the  earlier  minimum  to  5  =  0.177  m 
(see  section  79).  As  the  numbers  of  steps  were  equal  along  the  two 
equal  intervals  of  5,  it  is  likely  that  all  steps  were  equal,  each  being 
88.5/17  =  5.2  m/u13.  This  is,  approximately,  the  length  of  two  soap 
molecules. 

In  the  more  elaborate  procedure  the  thickness  of  every  lamella  is 


determined.  Either  the  intensity  I  of  the  light  reflected  by  the  lamella 
is  compared  with  that  of  light  which  passed  through  two  nicols  making 
angle  a  with  each  other,  or  the  color  of  the  film  is  duplicated  in  a 
quartz  wedge.  In  the  first  method  the  intensity  of  light  is  proportional 
to  cos2  a;  from  the  measured  a  the  ratio  I/h  (Io  is  the  intensity  of 
incident  light)  is  calculated,  and  from  it  8  is  found  by  means  of  equa¬ 
tion  (43)13'  14.  In  the  second  method15,  8  is  to  thickness  8q  of  the  wedge 
having  the  right  color  as  2n  is  to  no  -  ne ,  n  being  the  refractive  index 
of  the  film  and  n0  and  ne  these  indices  for  ordinary  and  extraordinary 
rays  of  quartz.  As  ru>  -  ne  =  0.009  and  2 n  =  2.8,  5,  is  311  5  and  can 
readily  be  measured.  The  first  method  yielded  4.1  niM  tor  the  thick¬ 
ness  of  the  unit  leaflet  of  films  of  5  per  cent  potassium  oleate  in  water 

or  aqueous  glycerol. 

Presumably  Perrin’s  lamellae  thin  by  evaporation  rather  than  by 
drainage.  When  water  evaporates,  the  remaining  soap  forms  meso- 
morphous  systems'6.  In  common  with  other  mesomorphous ;  structures, 
stratified  soap  films  have  peculiar  mechanical  properties.  W  ater  <h  op- 
lets  (produced,  for  example,  by  breathing  on  the  lamella)  easily  mov 
along  the  lamellae  which  support  their  weight  without  sagging  (although 
the  droplets  may  have  diameters  of  100,000  a)  but  do  not -fto  any 
considerable  resistance  to  the  movement  m  the  plane  of  the  him.  Ho 
ever,  the  wandering  droplets  never  cross  the  boundary between 
different  fields,  e.g.,  10  mg  and  5  mM  thick  (see  sec  1 1  . 


Section  94.  Since  the  black  field  as  a  rule  has  a  sharp  boundary 

seem  to  be  mutually  contradictory  .  An  example 
show  the  relative  importance  of  f""  £  “xphcitly". 
as  causes  of  drainage  (see  section  56)  m  y  the 

The  advance  of  black  in  a  hanging  bubble  was  slower 
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black  progressed;  this  was  attributed  to  suction  by  Plateau’s  borders 
surrounding  the  top  of  the  bubble.  In  a  sessile  bubble  the  advance  of 
black  was  more  rapid  the  greater  the  black  field  because  suction  by 
Plateau’s  border  assisted  gravitation.  The  area  invaded  by  black 
within  three  days  was  equal  for  both  bubbles,  but  this  presumably 
was  a  coincidence. 
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9. 


THE  THEORY  OF  FOAMS 


Section  95.  Foam  forms  when  bubbles  in  a  liquid  do  not  coalesce 
either  with  each  other  or  the  continuous  gas  phase,  although  they  are 
surrounded  by  only  a  thin  wall.  Whatever  cause  exists  or  whatever 
device  is  invented  to  keep  bubbles  as  separate  units,  it  will  produce 
foam.  No  special  study  is  needed  to  reject  any  theory  attributing 
foam  formation  to  a  particular  chemical  property  or  structure,  such 
as  “hydrogen  bonds”  or  “polar-unpolar  molecules.”  In  Chapter  11 
foams  are  discussed  in  which  coalescence  of  bubbles  is  prevented  by 
solid  particles.  When  there  are  two  phases  only,  the  following  general 
statements  may  be  made. 

Mutual  approach  of  two  bubbles  or  approach  of  a  bubble  to  the 
continuous  gas  phase  necessitates  pushing  liquid  aside.  This  pushing 
is  slowed  down  by  viscosity.  Hence,  if  viscosity  is  great  enough, 
coalescence  does  not  occur  or  occurs  very  slowly.  However  the 
dispersion  thus  obtained  would  be  a  gas-in-liquid  emulsion  rather 
than  a  foam  (see  section  1),  since  viscosity  retards  thinning  of  liquid 
interstices  also  when  they  are  relatively  thick.  As  far  as  viscosity  is 
concerned,  real  foam  is  produced  when  the  viscosity  v  of  thick  liquid 
layers  is  small,  thus  enabling  the  bubble  quickly  to  cover  the  major 
part  of  the  distance  to  the  neighboring  gas  phase,  but  v  of  thin  layeis 
is  great,  wherefore  crossing  the  last  part  of  this  distance  takes  a  long 


Phenomena  of  this  kind  are  common  when  bubbles  rise  m  a  hot 
liouid  toward  cool  air.  The  surface  layer  of  the  liquid  is  coldei  thai 
the  bulk  and.  therefore,  has  higher  viscosity.  The.b^ble”af'  * 
rise  almost  to  the  surface  but  do  not  easily  break  the  thu  aye 
separating  them  from  the  continuous  gas  phase.  Often  this  thin  lay 
solidifies  when  the  bubble  lifts  it  and  thus  facilitates  its  cooling. 
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tion.  If  the  viscosity  of  the  impurities  is  greater  than  that  of  the  hulk 
at  the  same  temperature,  relatively  stable  foam  may  result. 


Section  96.  Enhanced  viscosity  of  thin  liquid  layers  adjacent  to 
gas  phase,  also  in  the  absence  of  the  obvious  phenomena  mentioned 
in  section  95,  was  postulated  by  Plateau  and  named  viscosite  propre 
des  couches  super ficielles  or  surface  viscosity  for  short.  Plateau  be¬ 
lieved  to  have  demonstrated  its  existence  by  experiment.  He  sus¬ 
pended  a  metal  needle  either  in  the  surface  of  a  liquid  or  just  under 
the  surface  and  showed  that  the  resistance  to  rotation  of  the  needle 
(in  the  horizontal  plane)  was  greater  in  the  first  case.  This  behavior 
was  observed  not  only  for  strongly  foaming  solutions,  such  as  of  a 
soap,  but  also  for  water.  Marangoni2  detected  the  fallacy  of  Plateau’s 
method.  When  a  needle  rotates  in  the  surface  of  a  liquid,  it  compresses 
the  impurities  in  the  front  of  it  and  leaves  clean  (“swept”)  liquid 
surface  behind.  As  surface  tension  of  clean  liquid  is  greater  than  that 
oi  contaminated  liquid,  the  needle  is  pulled  with  a  greater  force 
backward  than  forward,  and  the  resulting  force  (which  opposes  ro¬ 
tation)  simulates  enhanced  viscosity.  Nevertheless  a  method  anal¬ 
ogous  to  that  of  Plateau’s  was  used  as  late  as  19393. 

Marangom’s  objection  does  not  apply  to  the  procedure  in  which  a 
disc  or  a  ring  is  rotated,  rather  than  a  needle  (see,  e.g  refs  4  and  5) 
Instead  of  comparing  the  resistances  to  rotating  a  fully  submerged 
and  a  partly  submerged  ring  (or  disc),  the  resistance  of  a  pure  (water  I 
a  c  ontammated  (e.g.,  soap  solution)  surface  can  be  compared  the 
m,g  bemg  munersed  to  the  same  depth  in  both  instances  Another 


retard  coalescence  but  cannot  prevTn/it  M aT"  'Tf’  only 
'abnormal”  viscosities  of  which  the  ■  any  so'ut,ons  Possess 
lowing  behavior:  as  long  as  the  stress  ITT  ‘yP?  causes  the  fo>- 
mum  (“yield  stress”),  no  flow  takes  nl  PP  "  re™ams  helo"‘  a  mini- 
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except  that  not  the  whole  stress  appears  active  but  only  the  excess 
of  it  above  the  yield  stress.  The  idea  of  yield  stress  usually  is  believed 
to  be  fairly  recent.  However,  it  was  familiar  to  Gibbs  who  wrote: 
“It  seems  probable,  however,  that  this  process  (drainage  of  foam) 
is  often  totally  arrested  by  a  certain  gelatinous  consistency  of  the 
mass  in  question,  in  virtue  of  which,  although  practically  fluid  in  its 
behavior  with  reference  to  ordinary  stresses,  it  may  have  the  prop¬ 
erties  of  a  solid  with  respect  to  such  very  small  stresses  as  those 
which  are  caused  by  gravity  in  the  interior  of  a  very  thin  film  ...” 
The  existence  of  yield  stresses  in  foam  films  has  been  pointed  out 
also  several  times  since4, 8. 

The  high  viscosity  or  plasticity  of  foam  films  presumably  is  the 
main  cause  of  the  great  persistence  of  protein,  saponin,  and  similar 
foams.  After  the  bulk  of  the  solvent  has  evaporated  or  drained  away, 
the  remaining  lamellae  are  solid  or  almost  solid  and  do  not  burst  foi 
a  very  long  time  (see  section  75).  For  other  foams,  although  surface 
viscosity  very  probably  is  a  factor  in  their  stability,  it  certainly  is 
not  the  only  factor.  In  every  investigation  comparing  foammess  or 
rate  of  drainage  with  surface  viscosity  of  long-chain  compounds, 
considerable  discrepancies  were  found.  Thus  the  rate  of  chainage 
during  the  first  minute  of  foam  life  was  almost  identical  for  “olive 
textile  soap”  and  “white  toilet  soap,”  both  in  0.1  per  cent  solution, 
although  the  former  liquid  had  no  surface  viscosity  exceeding  that 
of  water  while  the  latter  had  a  very  viscous  surface  .  Surface  viscosity 
of  sodium  laurate  solutions  was  indistinguishable  from  that  of  water 
although  these  solutions  give  rise  to  persistent  foams  .  1  rapezrukov 
compared  the  lifetime  of  single  hubbies  under  various  mono  ayers 
(see  section  19)  with  the  surface  viscosity  of  the  latter.  Monolayers 
of  cetyl  alcohol  were  10  to  100  times  as  viscous  as >  those  of  oleic :  acid 
but  the  persistence  of  air  bubbles  under  oleic  acid  was  3  to  4  times 
MS  tree  at  as  under  cetyl  alcohol.  Surface  viscosities  of  ethyl  palmitate 
::,dCu>cotl  were  very  close  to  each  other,  yet 
optvl  nlrohol  were  5  times  as  persistent  as  under  the  palmitate.  Whe  , 

by  compressing  a  monolayer  of  cetyl  alcohol,  its  surface  viscosity 
py  complex,  k  bubble  lifetime  was  lowered  from  3.2 

to^lccountrfoTthe^reatei^ spread  of  persistences  under  a  stearic  acid 
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monolayer  on  water  than  on  0.01A  hydrochloric  acid.  The  former 
layer  (which  usually  contains  soaps  of  multivalent  metals)  is  brittler 
than  the  latter  (see  also  section  41). 

Section  97.  There  are  two  main  forces  which  tend  to  destroy  foam 
bubbles,  namely,  surface  tension  and  gravitation.  An  idea  of  the 
relative  importance  of  these  forces  may  be  gained  by  comparing  the 
variations  in  the  surface  energy  and  the  energy  of  gravitation  oc¬ 
curring  when  an  isolated  bubble  is  converted  into  a  drop  situated  at 
the  lowest  point  of  the  original  bubble.  If  the  surface  area  of  the  drop 
is  neglected  in  comparison  with  that  of  the  bubble  and  the  wall 
thickness  8  is  small  compared  with  the  bubble  radius  R,  then  the 
decrease  in  surface  is  87 tR  and  the  decrease  in  surface  energy  (A Us) 
is  SirR'y.  The  volume  of  liquid  in  the  bubble  being  AtR's  and  its 
weight  4t rR2bpg  (p  is  density  difference  between  liquid  and  gas,  and 
g  is  acceleration  due  to  gravity),  the  decrease  in  the  gravitational 

energy  (A Ug)  is  4t rR38pg,  since  the  center  of  gravity  is  lowered  by 
R.  Hence, 


AUa  2y 


AlJ  g  Rbpg 


(47) 


Taking  7  =  30  g/sec2,  R  =  1  cm,  8 
</  —  981  cm /sec  ,  AUs/AUg  becomes 
foam,  surface  forces  are  much  more 
1  his  brings  us  to  the  second  comnor 


cm,  8  —  10  cm,  p  =  1  g/cm3,  and 
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spread  it  over  damaged  area,  and  viscosity  can  only  retard  a  move¬ 
ment  but  cannot  reverse  its  direction.  Dry  protein  foams,  which  are 
stable  because  of  their  surface  viscosity  or  plasticity  (see  section  96) 
do  not  “heal”  when  pierced  by  a  projectile. 


Section  98.  The  phenomenon  now  believed  to  be  the  main  cause 
of  stability  of  many  foams  was  pointed  out  by  Marangoni2  and 
Rayleigh13. 

If  the  composition  of  the  surface  layer  is  different  from  that  of 
the  bulk  solution,  its  surface  tension  is  smaller  than  that  of  the  latter; 
this  was  known,  for  example,  to  Dupr612.  If  the  surface  layer  is  dam¬ 
aged,  the  underlying  solution  is  exposed.  Its  greater  surface  tension 
pulls  the  “edges  of  the  wound”  together  thus  causing  complete  healing 
of  the  surface.  This  effect  is  easily  demonstrated  by  dusting  some 
ignited  talc  on  the  surface  of  ordinary  (not  exceptionally  clean) 
water  and  directing  an  air  blast  on  the  dusted  area,  lhe  air  pushes 
aside  the  superficial  layer  and  the  talc  particles  floating  in  it.  When 
the  blast  is  stopped,  the  particles  are  seen  to  invade  the  noncontami- 
nated  patch.  This  patch  has  a  cleaner  surface,  hence  a  higher  surface 
tension ;  therefore  it  contracts. 

Marangoni’s  “law”  was  formulated  by  him  as  follows  (ref.  2,  p. 
260;  translation  is  by  Kayleigh13):  “The  surface  of  a  liquid,  covered 
by  a  pellicle,  possesses  two  superficial  tensions;  the  first  which  is  the 
weaker  and  in  constant  action,  is  due  to  the  pellicle;  the  second  is 
in  the  latent  state,  and  comes  into  operation  only  when  the  pellic  e 
is  ruptured.  Since  the  latter  tension  exceeds  the  former,  it  follows 
that  any  force  which  tends  to  rupture  the  superficial  pellicle  upon  a 
liouid  encounters  a  resistance  which  increases  with  the  difference 
of  TensIons  between  the  liquid  and  the  pellicle.”  This  difference  * 
tensions  Marangoni  called  elastic  surface  .force.  Because  the  term 
pellicle  may  be  given  too  literal  a  meaning,  Marangoni  late,  used 

the  expression  contaminated  surface. 

A  sbghtly  different  description  of  the  above  phenomenon  was 

given  by  Gibbs'5.  He  defined  the  elasticity  of  a  foam  him  as  t 
infinitesimal  increase  of  the  united  tensions  of  its  surface i  divided  by 
the  infinitesimal  increase  of  area  in  a  unit  of  suiface. 
elasticity  and  S  surface  area  of  the  film,  then 

dy 
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Whenever  the  surface  layer  ruptures  as  the  first  step  of  the  rupture 
of  a  foam  lamella,  the  exposed  surface,  having  greater  7,  contracts 
and  thus  causes  healing  of  the  fissure.  This  theory  readily  accounts 
for  the  resilience  of  lamellae  (see  section  76).  When  the  lamella  be¬ 
comes  so  thin  that  the  liquid  between  the  surface  layers  ceases  to 
have  the  properties  (including  surface  tension)  of  the  liquid  in  bulk, 
the  Marangoni  effect  should  be  less  pronounced  and  the  resilience 
of  the  lamella  should  decrease.  This  expectation  was  confirmed,  since 
aged  (that  is,  also  thinner)  lamellae  stood  up  to  a  mercury  shower 
for  a  shorter  time  than  thicker  (fresher)  films. 

the  elastic  surface  force  of  foam  films  supplies  the  explanation 
for  the  fact  that  vertical  films  are  not  destroyed  by  gravitation.  The 
top  of  such  a  film  has  to  support  the  weight  of  the  rest;  thus,  its 
tension  must  be  greater  than  that  of  the  lower  parts;  hence,  surface 
tension  of  a  vertical  film  must  increase  from  bottom  to  top,  i.e., 
fiom  a  legion  of  small  to  the  region  of  strong  stretching.  An  experi¬ 
mental  confirmation  of  this  conclusion  is  given  by  an  observation 
(by  Ludtge)  reported  by  Van  der  Mensbrugghe16.  When  a  horizontal 
wire  rectangle,  whose  two  opposite  sides  (A  and  C)  are  connected 
by  a  thread  longer  than  the  sides  B  and  D,  is  wetted  by  soap  solution 
a  m  lemains  and  the  thread  may  assume  any  shape  in  this  film.  If’ 
owever,  the  rectangle  with  its  film  is  placed  vertically,  the  thread 
gradually  forms  a  smooth  curve  convex  to  the  top.  Obviously  the 

higher  sui  face  tension  of  the  upper  part  of  the  film  causes  contraction 
of  the  area  above  the  thread.  uses  contraction 


JSw  ,F°k  liayleigh’S  the0ry  t0  be  applicable  (O'  for  Mar. 
of  solutions  capable  J foaming  should' te“r^ter  tha” that T^d 

W  but  r  °f  ^  C0“ClUSi0n  WaS  k“°'™  S  r?gaS! 
CleU”  *  mam  qUantitativ»  confirmation  was  achieved’ by 

very 'fresh  surfaces  * 

lating  jets  is  particularly  convenient20™'  Lin  'H  ff  method  of  osci>- 
through  a  noncircular  orifice  The  Iinuid  ie  d  fr°m  a  Vessel 
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so  on.  The  reason  for  these  pulsations  is  that  the  jet  originally  has 
the  noncircular  cross  section  of  the  orifice.  The  capillary  pressure  at 
the  ends  of  the  longer  axis  of  the  cross  section  is  greater  than  at  the 
ends  of  the  shorter  axis  because  the  curvature  is  sharper  at  the  former 
points;  this  induces  movement  which  overshoots  the  equilibrium 
position  (circle)  and  continues  as  long  as  viscosity  or  external  cir¬ 
cumstances  permit. 

The  fundamental  equation  governing  the  period  T  of  pulsations 
can  be  derived  by  the  method  of  dimensions.  T  depends  on  surface 
tension  7  (g  sec”2),  density  p  (g  cm”3)  and  average  radius  r  (cm)  of 
the  jet.  Viscosity  affects  the  amplitude  of  pulsations  more  than  it 
does  T  and  may  be  neglected.  As  7 parbTc  must  be  dimensionless,  a 
must  be  equal  to  —  1,  b  =  —  3,  and  c  =  2.  Hence, 


k  being  a  constant  (pure  number).  It  depends  on  the  shape  of  the 
orifice  but  usually  does  not  much  deviate  from  unity20.  If  the  volume 
rate  of  flow  is  v  cm3/ sec,  v  is  equal  to  the  product  of  the  volume  of  a 
segment  of  the  jet  and  the  number  of  these  segments  produced  in 
a  second,  i.e.,  v  =  -irUX/T,  A  being  the  length  of  a  segment.  If  T  from 
this  equation  is  introduced  into  (49),  formula 


7  = 


(50) 


results  which  is  easier  to  use  than  (49)  when  evaluating  experimental 
data.  The  value  of  the  constant  k  can  be  found  by  applying  equation 
(50)  to  the  jet  of  a  liquid  whose  7  is  known.  The  age  of  the  surface  is 
calculated  from  the  linear  velocity  of  the  jet,  which  is  v/t r .  Let  X 
in  equation  (50)  be  the  length  of  the  segment  whose  center  is  in  l 
cm  distance  from  the  orifice.  Then  the  liquid  in  this  segment  has 
spent  w/l/v  sec  outside  the  vessel,  and  the  age  of  the  surface  is  nr  1/ 

S<>  Table  9  lists  some  results  obtained  by  Rayleigh17.  In  it ,  2X  is  the 
double  length  of  segment  in  the  liquid  jet,  0.01  sec  old,  and  h  is  the 
Li/  rfsc  of  the  same  liquid,  both  in  mm.  The  method  of  cap,  b 
|.„w  rise  deals  with  aged  surfaces.  If  the  surface  tensions  of  fresh  and 
aged  surfaces  were  identical,  the  product  2XV,  would  be  constant  since 
X®  is  inversely  and  h  directly  proportional  to  y.U  is  seen  that  2X  »  » 
greater  for  water  than  for  foaming  substances.  The  value  of  2X  (.  e„ 
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also  of  the  7  of  fresh  surfaces)  is  almost  identical  for  pure  water, 
sodium  oleate  solutions,  and  a  horse  chestnut  infusion  (i.e.,  solution 
of  crude  saponin),  while  h  (and  consequently  the  steady  surface  ten¬ 
sion)  of  the  solutions  is  considerably  smaller  than  that  of  water. 

When  the  liquid  in  the  jet  moves  farther  from  the  orifice,  its  age 
increases.  Hence,  X  of  a  segment  far  from  the  orifice  is  sometimes 
greater  than  X  near  the  orifice,  and  from  the  variation  of  X  along  the 
jet  the  variation  of  7  in  time  can  be  calculated.  Fig.  41  from  Burcik10 
displays  the  results  of  such  a  calculation  for  sodium  dodecyl  sulfate 
solutions.  In  the  instance  of  sodium  oleate  the  decrease  of  7  on  aging 
may  be  due  in  part  to  the  chemical  reaction  with  the  carbon  dioxide 
of  the  air,  but  the  rate  represented  in  Fig.  41  is  more  likely  to  be 
determined  by  the  rate  of  diffusion  of  the  solute  to  the  surface. 


Table  9.  Surface  Tension 
Liquid 

Water . 

1 :40  sodium  oleate 
1:80  sodium  oleate. . 

1 :400  sodium  oleate. 

1:4,000  sodium  oleate. 

Water . 

Infusion  of  horse  chestnut 


of  0.01  Second  Old  and  of  Aged  Surfaces 


2A  mm 

h  mm 

40.0 

31.5 

45.5 

11.0 

44.0 

11.0 

39.0 

11.0 

39.0 

23.0 

39.2 

30.5 

39.5 

20.7 

Section  100.  Marangoni’s  theory  accounts  for  the  inability  of 
pure  liquids  and  saturated  solutions  to  foam  (see  section  32)  In 
these  liquids  the  chemical  difference  between  the  surface  and  the 

"rface  force6 °r  ‘°°  ‘°  Pr°duce  a  C0nsid^ble  ••elastic 

As  foam  persistence  is  zero  or  nearly  zero  at  both  ends  of  the  foami 

F~  =•  t"  ,:s,7=: r! 

ssretr  :::z  z  ,t-  f 1 ' 

T°  7  SUrfa“  ^"ofpure 
-  surface  ^  ^  ^  7 

maximum  when  y„  -  7  is  ”  '  f°ammeSS  Sh°U,d  «* 

According  to  another  hypothesis,  “the  optimum  of  foam  formation 
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occurs  when  the  boundary  layer  has  the  greatest  heterogeneity,  i.e., 
when  the  molecules  of  the  solvent  and  the  dissolved  frother  are  present 
in  the  boundary  layer  in  equal  numbers23.”  In  systems  for  which  the 
Gibbs  adsorption  equation  is  valid,  the  bulk  concentration  correspond- 


TlME  (SECONDS) 

Figure  41.  Decrease  of  surface  tension  on  aging.  Sodium  dodecyl  sulfate  solu¬ 
tions.  Temperature  20.0°C.  Figures  in  parentheses  are  equilibrium  surface 
tensions.  From  J .  Colloid  Sci.,  5,  421  (1950). 


inR  to  the  50:50  composition  of  the  surface  layer  can  be  calculated 
”f  a  particular  structure  of  this  layer  (e.g.,  its  ummoleculanty)  ,s 

“riments  do  not  confirm  Quincke’s  hypothesis.  Thcd^erence 

To  _  7  increases  when  the  foam 

alcohol  in  water  increases  up  to  the  saturation  pun  , 
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stability,  measured  in  more  than  one  manner,  reaches  a  maximum 
and  then  decreases  (see  section  34).  The  agreement  between  the 
concentration  of  maximum  persistence  and  that  of  the  maximum 
value  of  dy/dc,  c  being  the  concentration  of  the  solute,  is  somewhat 
better.  In  the  usual  approximate  form  of  the  Gibbs  equation,  the 

adsorbed  amount  is  proportional  to  —  c—  .  This  product  often  passes 


through  a  maximum  when  c  increases  because  dy/dc  usually  is  small 
at  high  concentrations.  It  would  be  instructive  to  find  out  which  of 
the  concentrations  listed  in  Table  4,  section  34,  better  agree  with  the 

concentrations  of  the  maximum  ~c~  .  For  many  aqueous  solutions 

CLC 

the  longest  time  of  collapse  was  observed  when  the  surface  tension 
of  the  solution  was  confined  within  the  range  54  —  70  g/sec2.  The 
physical  meaning  of  this  observation  is  not  known23. 

It  is  possible  that  the  concentration  of  the  greatest  foam  stability 
is  not  determined  by  the  equilibrium  surface  tensions.  Marangoni’s 
theory  is  based  on  the  assumption  that  the  pure  surface,  bared  by 
pushing  aside  the  surface  contaminations,  remains  pure  long  enough 
to  bring  together  the  contaminated  areas.  If,  however,  surface  ten¬ 
sion  of  the  exposed  surface  is  very  quickly  lowered  by  diffusion  of  the 
surface-active  solute  from  the  bulk  of  the  solution,  the  restoring 
force  is  weaker  or  even  absent21.  As  a  rule,  diffusion  will  be  more 
rapid  (i.e,  more  of  the  solute  will  diffuse  in  unit  time)  the  higher 
he  concentration.  Hence  the  Marangoni  effect  is  weakened  at  high 

depmiion  Tlh  M°am  PCTsistence  correspondingly  decreases.  This 
the  two  v  r  Marangoni  effect  seems  to  be  demonstrated  by 

T»hi  a  °f  m°re  concent™ted  sodium  oleate  solutions  in 

Table  9  sec  .on  99.  It  is  seen  that  at  a  time  when  surface  teZTof  a 

2  P  rsot;  ::  is  nica,iy  that  °f  ^  *  tension  of : 

•  P  cent  solution  is  already  14  per  cent  less  than  that  of  water. 


layers  is  considerably  smaller  ^1^7  tension  of  the  external 

neath.  When  the  bulk  liquid  is  ^i*  ,°f  the  bulk  liquid  under- 

Ulk  llqUld  18  exP“*d  by  rupture  of  the  surface 
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layers,  surface  tension  should  not  decrease  to  the  equilibrium  value 
too  rapidly. 

The  classification  of  foaming  solutions  proposed  by  Shorter25  may 
be  mentioned  here.  He  sifted  foams  in  three  groups:  (1)  surface  con¬ 
centration  thermodynamically  reversible,  special  superficial  viscosity 
or  rigidity  absent;  (2)  surface  concentration  thermodynamically  ir¬ 
reversible,  special  superficial  viscosity  or  rigidity  absent;  and  (3) 
surface  concentration  thermodynamically  irreversible,  the  surface 
layers  specially  viscous  or  rigid.  Types  (1)  and  (2)  correspond  to  the 
Marangoni,  and  type  (3)  corresponds  to  the  Plateau  part  of  the 
present  theory.  Rebinder26  considers  two  types  of  foam  stability 
only,  namely  with  or  without  surface  viscosity  or  rigidity. 


Section  102.  While  the  development  associated  with  the  names  of 
Plateau,  Marangoni,  Gibbs,  and  Rayleigh  may  be  said  to  constitute 
the  main  stream  of  the  theory  of  foam,  some  ideas  not  connected  with 
it  also  deserve  being  reviewed. 

Because  of  evaporation,  foam  usually  will  be  colder  than  the  sur¬ 
rounding  air.  This  temperature  difference  was  believed  to  be  a  factor 
in  foam  stability16, 27.  Van  der  Mensbrugghe  described  the  following 
experiment.  A  wire  triangle,  dipped  into  oil  of  turpentine,  withdrawn 
from  it  and  kept  horizontally  in  air,  carries  a  film  stable  for  a  few 
seconds  only.  When  the  same  triangle  is  partly  immersed  in  the  oil 
of  turpentine  so  that  one  of  its  sides  is  submerged  but  the  opposite 
corner  remains  above  the  surface  of  the  liquid,  then  the  film  produced 
in  the  triangle  lasts  much  longer  (17  min.  in  Mensbrugghe’s  con¬ 
ditions)  The  suggested  explanation  is  that  the  apex  of  the  triangle, 
because  of  evaporation,  is  cooler  than  its  lower  parts.  The  oil  moves 
upward  because  the  cooler  liquid  has  lower  surface  tension.  Thus  t  e 
film  does  not  thin  and  has  less  tendency  to  rupture  than  have  thinnei 

However,  foams  are  not  always  cooler  than  the  ambient  air.  The 
energy  spent  on  making  foam  (e.g.,  by  shaking  or  by  bubbling  an 
through  a  liquid)  for  a  while  remains  m  the  foam  and  thus  ten 
raise  its  temperature.  Such  a  temperature  rise  was  observed  in  a 
foam  of  0.01  per  cent  saponin  solution  .  Collapse  of  foams  is  sai  o 

produce  no  measurable  heat  effect  . 

The  concentration  of  the  surface  layer  of  a  solution,  u  ^  rule 
different  from  that  of  the  bulk  although  osmotic  pressure 
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equalize  the  concentration  everywhere.  It  was  believed  that  the 
equilibrium  between  the  osmotic  forces  and  the  molecular  forces 
causing  accumulation  of  a  component  at  the  surface  might  be  upset 
when  two  surfaces  come  close  together,  that  the  osmotic  forces  are 
the  stronger  ones  in  thin  layers,  and  that  they  prevent  final  thinning 
of  the  lamellae'50, 31.  This  hypothesis  has  never  been  cast  in  a  quanti¬ 
tative  form.  If  the  picture  of  soap  films  as  electrokinetic  systems 
(see  sections  86  and  91)  is  correct,  then  the  two  surfaces  of  such  a 
film  do  not  join  because  of  the  mutual  repulsion  of  two  electrical 
double  layers.  This  repulsion  thus  would  take  over  the  function 
attributed  to  osmotic  pressure.  It  is  not  certain  that  electrical  double 
layers  capable  of  noticeable  mechanical  effects  exist  in  solutions  con¬ 
taining  but  few  ions  (e.g.,  dilute  alcohols).  Solutions  of  proteins  and 
synthetic  ionic  detergents  should  behave  in  this  respect  like  soap 
solutions. 

It  has  been  repeatedly  proposed  to  account  for  the  lifetime  of  a 


1  x - - -  tMU1V  tun l 

as  ‘  black  films”  consisting  of  one  or  two  bimolecular  leaflets  of  soap 
(see  section  93)  are  quite  durable  while  numberless  foam  films 


pi  .  u,tV/  ui  uj 

the  experimental  test  of  such  a  correlation33' 


should  be  supple¬ 


mented  by  new  experiments. 
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10. 


SEPARATION  BY  FOAM 


Section  103.  The  theory  of  foam  outlined  in  section  98  implies  a 
difference  in  the  chemical  composition  between  the  surface  layer 
and  the  bulk  of  solutions  capable  of  foaming.  This  difference  has 
been  repeatedly  demonstrated  by  experiments  conducted  on  foams. 
If  only  one  molecular  or  ionic  species  is  present  as  solute,  its  con¬ 
centration  in  the  foam  generally  is  different  from  that  in  the  original 
oj  the  remaining  solution;  this  represents  accumulation  in  foam.  If 
there  are  several  ionic  or  molecular  species  in  mutual  equilibrium, 
some  of  these  species  may  be  concentrated  in  foam  preferably  to  the 
others;  this  is  shift  of  equilibrium  in  foam.  If  the  solution  contains 
several  independent  constituents,  foam  may  contain  first  an  excess 
of  one  of  them,  then,  after  removal  of  this  portion,  an  excess  of  an¬ 
other,  etc.;  this  is  fractionation  by  foam. 

The  same  kind  of  apparatus  is  used  for  all  these  variants  of  the 
separation  by  foam.  Two  examples  of  the  instruments  generally  em¬ 
ployed  are  pictured  in  Figs.  42  and  43.  In  the  first,  the  liquid  is  kept 
m  a  round-bottom  flask,  and  carbon  dioxide  is  introduced  into  it 
lough  a  C  hamberland-Pasteur  filter  candle.  The  foam  formed 

sTowraUhTlfftrtbng  glr  tUbe  and  finally  reaches  the  c<®ical  flask 

moment  Th1  7  °  "tS  °f  thiS  flask  are  anal-vzed  at  appropriate 

a  Tm.lar  «foa 7“  COnstructed  ^  Gray  and  Stone1  and  ' 
,  \  own  was  employed  by  Perri  and  Hazel2  The  > 

throuahthth  °7f  drCUlating  arrangement3.  Gas  passes  upward 
column*  and  the  7  ,  S6ptUm  swn  the  bottom  of  the 

doubTe  ftli  r  'Z‘  76r  T  thesePtum-  Th<“  foam  rises  in  the 

an7frf°ami  h™  thr°Ugh 

this  li'qibd1  cln  t7ttk7  7r ^7  JUSt,  ab°Ve  the  sePtum;  samples  of 
■side  tube.  Other  raet  om  tin^  "7  *  T™"8  ,he  St0P^k  in  the 
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the  gas  serving  for  bubble  formation  should  be  saturated  with  the 
solvent  before  it  reaches  the  porous  septum  or  candle.  Otherwise  the 
solute  (assumed  to  be  nonvolatile)  accumulates  in  foam  also  because 
of  evaporation  of  the  solvent.  This  difficulty  proved  so  serious  that 


Figure  42.  “Foam  tower”  for  separation  by  frothing.  From  Wallerstein  Lab. 
Commun.,  3,  159  (1940). 


both  Zawidzki7  and  Chatalan8  finally  abandoned  the  pneumatic 
method  and  produced  foam  by  shaking  the  liquid  in  an  air-tight 
flask  A  1  29  per  cent  solution  of  saponin  thus  gave  a  foam  whic 
after  draining  for  three  days  contained  1.35  per  cent  of  saponin. 
After  a  week’s  drainage  the  degree  of  accumulation  (i.e  concen  ra¬ 
tion  in  foam  divided  by  the  initial  concentration  of  liquid)  was  3^5  . 
It  was  surprisingly  small  and  also  poorly  reproducible.  Presumably 
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the  amount  of  solution  still  present  in  the  Plateau  borders  was  so 
large  that  the  high  concentration  of  saponin  in  the  films  was  masked 
by  its  low  concentration  in  the  liquid  veins. 

Protracted  drainage  of  foam  to  raise  the  degree  of  accumulation  is 


Figure  43.  An  apparatus  for 
loid-Z.,  90,  17  (1940). 


continuous 


separation  by  foaming.  From  Kol- 


impossible  with  froths  as  short-lived  as  thoso  of  * 

Hence  the  concentration  rise  from  4  m  „  alcoho1' 

to  4.09-4.24  per  cent  in  foam  as  f0m,4  h  ?  T8"’3'  soIution 

great  as  can  be  expected  No  non,  ,  ^  by  Benson  >  1S  perhaps  as 
Of  0.001-0.2  per  ^nt  lsoamvl  alcT^'T  •'“  “  the  foam 

per  cent  sodium  oleate  solution  was  fo,  **!“tlons  \The  lather  of  a  2 

soap  than  the  original  liquid11  *  °  °  contain  48  percent  more 

H  a  solution  contai„ing  saponin  and  an  electrolyte  is  frothed,  the 
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troth  has  a  higher  concentration  of  the  electrolyte  than  the  original 
solution  independently  of  whether  the  electrolyte  raises  or  lowers 
the  surface  tension  of  pure  water  (i.e.,  in  the  absence  of  saponin)12,  x. 
Apparently,  saponin  in  some  manner  carries  the  electrolyte  along 
into  the  surface  layer. 

Egg  white  foam  is  more  concentrated  than  the  liquid  exuding  from 
it.  Thus  foams  contained  2.0  to  2.3  per  cent  nitrogen  when  the  exudate 
had  1.5  to  1.6  per  cent  nitrogen13. 

Accumulation  in  foam  of  nonaqueous  solutions  also  was  observed. 
The  froth  of  benzene  solutions  of  several  cellulose  esters  had  an 
excess  of  the  solute  although  the  surface  tension  of  the  solutions  was 
almost  identical  with  that  of  the  solvent14.  The  original  was  not 
consulted,  and  it  is  not  known  howr  much  the  results  were  influenced 
by  evaporation. 


Section  105.  The  shift  of  equilibrium  in  the  surface  layer  is  amena¬ 
ble  to  thermodynamic  treatment  (see,  e.g.,  ref.  15).  Let  the  chemical 
equation  of  the  reaction  be  kA  +  IB  ^  mC  +  nD.  Let  the  concentra¬ 
tions  or,  more  correctly,  the  activities  of  the  four  reactants  be  denoted 
by  [A],  [B],  [ C ],  and  [I)].  Then  the  change  in  free  energy  associated 

•  •  [A]W 

with  the  process  leading  from  the  mixture  in  which  the  ratio  j 


[A]  *[  B]^ 

is  x  to  the  equilibrium  mixture  in  which  =  K  bem&  the 

equilibrium  constant,  is  RT  In  K  -  RT  In  x  in  the  absence  of  capil¬ 
lary  forces.  If  the  change  of  the  ratio  from  a;  to  K  causes  change  of 
surface  tension  from  71  to  7'  and  if  dy/dx  is  assumed  constant  in  this 
range,  then  in  the  presence  of  capillary  forces  the  change  in  tiee 
energy  is  RT  In  K  -  RT  In  x  +  S(y'  -  71),  being  the  area  of  the 
interfaces  per  gram-molecule.  Let  z  be  equal  to  the  new  equilibrium 
constant  Ah  .  Then  RT  In  Ah  =  RT  In  A  +  S(yf  -  71).  Hence 


,  Ah  S  , 

]nK=lur{y-  7l) 


(51) 


The  new  equilibrium  constant  A,  is  greater  than  the  constant  (A)  m 
hulk,  that  is,  the  equlibrium  is  shifted  to  greater  concentrations  of 
A  and  B  if  surface  tension  is  lowered  by  A  and  B  more  than  by 
and  D,  i.e.,  if  dy/dx  is  negative.  Then  r,  is  less  than  y  and  the  nght- 
hand  side  of  equation  (51 )  is  positive.  1  he  value  of  y  7i  ra  • 
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be  greater  than  10  g/sec".  The  value  of  RT  at  room  temperature  is 


K, 


about  2.5  X  101"  g  cm"/ sec2.  Hence  In  —  usually  will  be  less  than 

A 

4  X  10  1  S.  However,  when  only  the  surface  layer  is  considered,  S 
is  very  large  and  a  marked  change  in  the  equilibrium  constant  is 
possible. 


I 

Section  106.  The  first  quantitative  experiments  on  the  shift  of 
equilibrium  seem  to  be  due  to  Perrin16.  Unfortunately  their  descrip¬ 
tion  is  very  short.  Air  was  forced  through  a  0.2  per  cent  soap  solution. 
The  froth  after  collapsing  was  acid,  while  the  residue  was  alkaline 
and  had  surface  tension  about  twice  as  great  as  that  of  molten  froth. 
Soaps  of  rosin  and  of  gamboge  behaved  similarly.  For  a  froth  of 
sodium  oleate  the  total  surface  of  the  films  was  found  by  multiplying 
the  average  surface  of  a  bubble  with  the  number  of  bubbles  (equal  to 
number  of  bubbles  per  minute  times  the  number  of  minutes).  The 
amount  of  oleic  acid  in  the  froth  divided  by  the  surface  area  gave  the 
surface  concentration  of  the  acid.  It  corresponded  to  a  layer  1.7  to 
2.1  X  10  cm  thick. 

The  ratio  of  acid  to  base  in  the  foam  of  sodium  oleate  solutions 
varied  m  the  same  direction  as  this  ratio  in  the  solution,  hut  was 
greater  m  the  froth".  Thus  the  froth  contained  neutral  soap  when 
the  solution  was  0.047.V  in  respect  to  sodium  ion  and  0  042  V  m 

nT“  ,  °^r  Z  Wh6n  v*  S°'“ti0"  -  «•<*"  -  regards  boa 

form, da ted 2 ’  mo,  “7  S°'id  in  the  froth  be 

ormulated  as  I  mol.  sodium  oleate  plus  0.61  mol.  oleic  acid  The 

loam  contained  less  wator  than  •  •  .  .  ■  ^ne 

marked18.  Thus  the  molecular  ,-Jti  “TT  °f  S°aP  111  foam  was  more 
in  the  froth  of  2  X  KT4#  solution  u  °o  7  t0  S°dium  Mroxide 
oleate  +  1.7  mol  oleic  rh  f  fS  27  (corresPonding  to  sodium 
solutions  it  «  X  10^ 

2  X  10~3N  was  redissolved  in  the  ^  r°  U  j°n  more  dilute  than 
ot  the  product,  contrary  to  expectation  the  surface  tension 

than)  the — — - 
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vation  demonstrates  that  chemical  reactions  in  soap  solutions  are 
rather  slow. 

The  molecular  ratio  of  base  to  acid  in  the  foam  seems  to  be  little 
sensitive  to  the  chemical  nature  of  the  base.  An  aqueous  liquid  con¬ 
taining  0.125  per  cent  lauric  acid  was  mixed  with  alkali  solutions  so 
that  the  base:acid  ratio  was  0.91  for  sodium  hydroxide,  1.12  for 
triethanolamine,  and  1.28  for  potassium  hydroxide.  In  the  foam  of 
the  resulting  soap  solutions  this  ratio  was  0.79,  0.89,  and  1.05,  re¬ 
spectively.  In  all  three  instances  the  surface  tension  of  the  residual 
liquid  was  about  1.25  times  that  of  the  molten  foaml!t. 

The  froth  of  green  0.02  per  cent  bromothymol  blue  solutions  is 
yellow  while  the  residual  solution  is  blue1Ja.  This  may  be  another 
example  of  the  shift  of  equilibrium  in  the  surface  layer. 

It  is  clear  that  chemical  analysis  of  a  foam  which  still  contains 
large  percentage  of  the  original  solution  cannot  directly  give  the  com¬ 
position  of  the  surface  layer.  If  the  amount  of  water  in  the  froth  is 
determined  and  it  is  assumed  that  the  liquid  in  the  lamellae  has  the 
composition  of  the  initial  liquid,  then  the  amount  and  composition 
of  the  surface  films  can  be  calculated.  Apparently  this  calculation 
has  not  yet  been  carried  out.  Also  no  further  attempt,  after  Perrin, 
has  been  made  to  correlate  the  degree  of  hydrolysis  with  the  extent 
of  the  surface. 

Hydrolysis  in  foam  might  be  useful  in  chemical  analysis.  Foaming 
of  0.4  per  cent  solution  of  sodium  cholate  yielded  crystals  of  pure 
cholic  acid  in  one  of  the  foam  fractions  . 


Section  107.  Fractionation  by  foam  has  been  extensively  studied 
and  there  were  attempts  to  utilize  it  in  industry.  It  can  serve,  for 
example,  for  purifying  a  compound  from  its  surface-active  impuiities, 
for  isolating  a  surface-active  compound  from  its  mixture  with  in- 
active  substances,  and  for  finding  the  compound  responsible  for  the 
foaming  capacity.  In  fractional  distillation,  signal  to  start  a  new 
fraction  often  is  given  by  a  rapid  rise  in  temperature  In  fractional 
frothing,  it  is  advisable  to  begin  a  new  fraction  when  the  foam  heig 
rapidly  decreases  (or  increases)  at  a  constant  rate  of  air  flow  Usually 
such  a  change  of  foam  height  is  indication  of  a  change  in  the  com¬ 
position  of  the  frother,  but  it  can  be  caused  also  by  meie  change  in 
concentration.  Thus  if  the  starting  solution  was  more  concentrated 
than  the  solution  having  maximum  foammess  (see,  e.g.,  section  ii), 
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its  foaminess  increases  during  frothing  because  of  the  removal  of  the 
frother  with  the  froth,  and  this  increase  may  be  somewhat  sudden  if 
the  maximum  of  the  foaminess-concentration  curve  is  sharp. 

Commercial  dodecyl  sulfonic  acid  and  sodium  dodecyl  sulfate  were 
purified  by  frothing".  The  acid  had  a  minimum  of  surface  tension 
(about  34  g/sec2)  in  0.007  M .  The  foam  of  this  solution,  after  dilution 
to  0.0074/,  had  surface  tension  7  of  about  29  g/sec2,  and  the  residue 
had  7  41  g/sec  at  this  concentration  and  showed  no  minimum  of  7 
in  the  concentration  range  studied.  The  sodium  dodecyl  sulfate  solu¬ 
tions  before  frothing  showed  a  minimum  of  7  (about  24  g/sec2)  also 
at  0.007  g-mol./l.  The  foam  fraction  had  7  of  about  22,  and  the  residue 
had  7  of  about  39  g/sec‘  at  the  same  dilution.  There  was  no  mini¬ 
mum  on  the  7-concentration  curve  of  the  residual  liquid. 


Section  108.  The  efficiency  of  separation  by  foaming  can  be  ex¬ 
pressed  in  several  manners.  If,  for  example,  Ah  is  the  mole  fraction 
of  the  surface-active  ingredient  in  the  solution,  the  solvent  being 
disregarded,  AY  the  corresponding  fraction  in  the  froth,  and  Ah"  in 
the  residue  then  AY/ Ah  may  be  called  lesser  coefficient  of  fractiona¬ 
tion  and  Ah  /Ah  greater  coefficient  of  fractionation.  If  the  molecular 
weights  (or  some  of  these)  are  not  known,  weight  fractions  can  be 
used  rather  than  mole  fractions.  The  solvent  must  be  disregarded  as 
accumuhition  without  fractionation  is  not  intended  in  these  experi¬ 
ments  Thus  if  the  solution  consists  of  a  g-mol.  of  A,  b  g-mol.  of  B 

X+ V+  ri  r"thS  Tv,"'01'  °f  SOlVent’  then  Nl  0f  A  is 

Do  lt  A  t‘  •  ,  an  a/{°  +  b  +  c  +  *>•  «  *  Per  cent  of  com- 

P°  ?,./  °Ug'nally  present  ln  solution  is  finally  found  in  foam  then 


ca\be  pa,tiy  s~d 
taining  0.1  g  g -ter  con- 

with  nitrogen  and  the  Mtv  S-  dlUm  aurate  were  foamed 

foam,  this  mixture  contained  fin  ^  was  isolated  from  the 

acid,  while  the  mlxedldds  oh!)  '  ,7*  °'T  and.4°  per  'auric 

only  19  per  cent  oleic  acidK  Th  "h  'i°m  the  resldual  solution  had 

C  ac.d  .  Thus  the  lesser  coefficient  of  fractions- 
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tion  (see  section  108)  was  (in  weight  units)  1.2  and  the  greater  co¬ 
efficient,  3.2.  As  sodium  laurate  solutions  have  at  45°  a  lower,  and  at 
90°  a  higher  surface  tension  than  sodium  stearate  solutions  of  equal 
dilutions,  preferential  accumulation  in  foam  of  laurate  at  lower  and 
of  stearate  at  higher  temperatures  could  be  expected.  This  expecta¬ 
tion  was  confirmed  by  Dubrisay. 


Partial  separation  of  oleic  from  stearic  and  palmitic  acids  succeeds 
if  strongly  alkaline  solutions  of  the  potassium  soaps  of  these  acids 
are  frothed  at  about  50°  or  sodium  soap  solutions  are  frothed  at  75°  . 

A  striking  example  of  fractionation  by  foam  is  afforded  by  separa¬ 
tion  of  two  dyes  of  widely  different  hues.  Patent  Blue  (a  triphenyl- 
methane  dye  carrying  a  hydroxy,  two  diethylamino,  and  two  sulfo 
groups)  is  in  aqueous  solution  a  better  frother  than  Scailet  Red 
(also  known  as  New  Coccine,  Ponceau  4  R,  etc.;  an  azo  dye  carrying 
a  hydroxy  and  three  sulfo  groups).  When  a  violet  solution  of  both 
Patent  Blue  and  Scarlet  Red  is  frothed,  the  foam  is  blue  and  the 
residual  liquid  is  red.  The  efficiency  of  separation  depended  on  the 
relative  amounts  of  the  two  dyes.  When  nitrogen  was  bubbled  for 
10  min.  through  100  cm3  of  solution  containing  0.01  per  cent  Blue 
and  0.01  per  cent  Red,  3.5  cm'  of  collapsed  foam  and  96.5  cm  residue 
were  obtained.  The  concentrations  in  foam  were  0.225  per  cent  Blue 
and  0.02  per  cent  Red,  and  in  residue  0.003  per  cent  Blue  and  0.01 
per  cent  Red.  Thus  for  Patent  Blue  the  two  coefficients  of  fractiona¬ 
tion  (in  weight  units)  were  1.8  and  4.0,  respectively.  The  degree  of 
separation  was  about  130.  All  these  values  are  approximate  only 
because  the  final  amounts  of  the  dyes  do  not  exactly  add  to  the  initial 
amounts.  It  is  not  clear  how  far  these  results  '  were  affected  by  evapora¬ 
tion  When  the  starting  solution  contained  0.92  per  cent  Blue  and 
0  04  per  cent  Red,  nitrogen  had  to  be  bubbled  for  60  min.  to  remove 
the  main  part  of  the  Blue.  The  foam  yielded  96  cm  of  liquid  having 
0  94  per  cent  Blue  and  0.04  per  cent  Red,  while  the  residual  liquid 
(4  cm3)  had  0  77  per  cent  Blue  and  0.04  per  cent  Red.  lhe  lesser 
coefficient^  fractiLtion  for  Patent  Blue  was  just  above  1.0^ 
ing  that  separation  of  a  large  amount  of  surface-active  mate  al 
from  a  small  amount  of  inactive  substance  is  not  feasible ,  by  ho  hj- 

When  the  surface-active  component  is  piesen  .  through  a 

amount,  its  removal  is  easy.  When  nitrogen  was  b«JW Ubrougha 

solution  of  0.008  percent  Blue  and  1.05  pei  ceniM  , 

0  025  per  cent  in  respect  to  Blue  and  1 .08  per  cen  m  lesp 
and  the  lesser  coefficient  of  fractionation  was  3.0. 
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Section  110.  In  this  and  the  two  following  sections  froth  fractiona¬ 
tion  of  complex  mixtures  of  unknown  composition  is  reviewed. 

Fatty  acids  and  bile  acids  present  in  commercial  bile  preparations 
can  be  separated  by  frothing20.  When  0.4  to  0.5  per  cent  solutions  of 
the  commercial  sodium  salt  were  foamed,  the  bubble  persistence 
gradually  decreased  and  the  rate  of  nitrogen  flow  had  to  be  increased 
to  force  the  bubbles  over  the  highest  point  of  the  “foam  tower” 
(section  103).  During  this  stage  fatty  acids  and  their  soaps  were  re¬ 
moved  with  the  foam.  Then  the  persistence  suddenly  rose.  The  more 
stable  foam  obtained  after  his  change  was  rich  in  bile  acids  and  their 


salts.  Of  the  two  main  bile  acids  one  (taurocholic)  does  and  the  other 
(glycocholic)  does  not  contain  sulfur.  Two  fractions  of  the  foam 
collected  during  the  second  stage  were  analyzed  for  sulfur.  The  earlier 
one  had  0.82  per  cent  sulfur  and  the  latter,  4.21  per  cent,  while  the 
sulfur  content  of  the  original  preparation  was  1.10  per  cent.  Thus, 
glycocholic  acid  is  foamed  away  before  taurocholic  acid.  The  pH  of 
the  residual  liquid  increased  from,  for  example,  6.5  to  8.5  during  the 
foaming.  To  transfer  a  considerable  portion  of  the  bile  acids  into  the 
foam  it  was  necessary  to  acidify  the  liquid  from  time  to  time. 

It  is  unknown  what  substances  or  organisms  accumulate  in  the 

sea  loam  but  this  foam  consumes  3  to  20  times  as  much  oxygen  as  the 

eqtml  amount  of  sea  water,  and  its  biological  oxygen  demand  is  10 
to  20  times  as  great  . 


Section  111.  Removal  of  frothers  present  in  the  beetroot  iuice 

.  °  d  Sreat,y  s™pllfy  the  beet-sugar  manufacture  as  just  the  sub 
s  ances  causing  froth  (proteins,  resins,  etc.)  usually  pievent  or  t 
tard  crystallization  of  sucrose,  which  is  the  main  goal  of  the  manu 

z 

z  so/r  '^r 

cm  of  the  original  solution  yielded  onlv  390  P  •  i  ,  A  350 
foam  (after  collapse),  about  10  cm3  wate'r  musthi  20  ® 

ence,  m  the  absence  of  evaporation  C pZL' £ 

1C  foam  would  have  been  0.4  per  cent  (=  °i6  x  20  ^ 

20  -|-  10  ^  '  ^^en  then 
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carbon  dioxide  was  passed  through  300  cm'  of  the  residual  liquid 
until  only  275  cm''  remained,  the  protein  concentration  of  this  second 
residue  was  as  low  as  0.009  per  cent26.  The  increase  in  stability  of 
protein  foam  achieved  by  substituting  carbon  dioxide  for  nitrogen  is 
in  agreement  with  the  observation  by  Clark  and  Ross  (see  section  50). 

Fractionation  by  foam  of  a  partly  hydrolyzed  soybean  protein 
gave  the  following  results2: 


Metaprotein 

Protein 

Proteose 

Peptone 

Amino  Acids 

Foam 

2.5 

26.3 

23.8 

23.7 

23.7 

Residue . 

0.0 

6.1 

25.6 

34.1 

34.2 

The  figures  mean  the  percentages  of  the  total  nitrogen  found  in  the 
corresponding  fraction.  Accumulation  of  metrapotein  and  protein 
fractions  in  the  foam  makes  it  probable  that  foaminess  is  caused 


mainly  by  these  substances.  Foam  fractionating  of  apple  proteins 
was  carried  out  by  Davis  et  al.L) 

The  liquid  resulting  from  collapse  of  beer  foam  is  enriched  in  ni¬ 
trogen.  Thus  7500  cm3  of  beer  containing  0.064  per  cent  N  gave  1175 
cm3  foam  fraction  with  0.082  per  cent  N,  while  the  N  concentration 
in  the  residual  liquid  was  0.060  per  cent1.  The  nitrogen  in  foam  is 
not  the  amino-N  whose  concentration  in  froth  is  less  than  in  the 
original  beer,  but  rather  the  protein  nitrogen30.  Polypeptides  of  low 
molecular  weight,  which  are  not  coagulated  by  heat,  do  not  ac¬ 
cumulate  in  foam  which  removes  above  all  proteins  precipitable  by 
tannin  or  heat31, 32.  The  protein  fraction  preferentially  transferred 
into  foam  has  also  been  identified  with  albumoses  .  In  addition  to 
protein  hop  resins  also  are  extracted  by  foam.  The  above  mentioned 
foam  fraction1  contained  0.048  per  cent  resin  as  compared  with  0.017 
per  cent  in  the  original  beer  and  0.010  per  cent  in  the  residue.  The 
concentration  of  iron  (but  not  the  total  ash  content)  was  greater  m 
foam  than  in  the  original  beer32.  The  foam  fractions  give  foams  whose 
rate  of  drainage  are  slower  than  those  of  the  residue  or  the  beer;  thus 
constant  k  in  equation  (11)  (section 55)  was0.006  sec,  0.012  sec,  and 
0.009  sec,  respectively,  for  these  liquids  . 


Section  112.  Foaming  can  he  used  to  purify  enzymes.  If  the 
activity  of  the  original  preparation  is  accepted  as  unit  activi  y,  1.  •, 
(he  rate  of  reaction  as  accelerated  by  1  g  of  dry  onginal  specimen  is 
set  equal  to  one,  then  activities  greater  than  one  indicate  a  h.gher 
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concentration  of  the  enzyme  in  the  solid  obtained.  Nitrogen  was 
bubbled  through  0.5  per  cent  solution  of  commercial  diastase.  The 
diastatic  activity  of  the  foam  solids  was  1.48  and  of  the  dried  residue, 
0.94.  When  1.28  per  cent  solution  of  commercial  pancreatic  lipase 
was  frothed  with  nitrogen  until  foam  formation  ceased,  the  collapsed 
foam  contained  only  1.26  per  cent  solids  but  the  activity  of  this  solid 
was  1.49.  1  he  sample  of  lipase  used  had  two  maxima  of  foaminess  at 
pH  1.7  and  pH  4.5.  It  was  suspected  that  the  first  maximum  was  due 
to  an  impurity.  1  his  suspicion  was  confirmed  by  frothing  crude 
lipase  at  a  pH  near  1.7;  in  this  experiment  the  activity  of  the  froth 
solids  was  less  than  that  of  the  original  sample34. 

Foam  fractionation  assisted  in  purifying  choline-esterase  from  horse 
serum;  also  in  this  instance  the  foam  contained  more  of  the  inactive 
substance  than  the  original  liquid35. 


Highly  purified  (crystalline)  pepsin  has  strong  rennin  activity 
and  it  has  been  debated  for  a  long  time  whether  or  not  pepsin  and 
rennin  are  identical.  The  problem  apparently  was  decided  by  foam 
fractionation  .  0.4  per  cent  solutions  of  commercial  pepsin  in  0.01  M 
citrate  buffer  at  pH  1.7  to  2.0  were  frothed  at  30°.  The  pepsin  ac¬ 
tivity  was  concentrated  in  the  foam  3.3  times,  and  the  rennin  ac- 
lvity  only  1.3  times.  A  second  foaming  of  the  collapsed  froth  gave 
concentration  factors  of  7.4  and  2.6,  respectively.  Thus  pepsin  is 
different  from,  and  is  more  surface  active  than,  rennin 
For  concentrating  the  gonadotropic  hormones  present  in  the  urine 
pregnant  women  the  following  procedure  was  employed37  Ni¬ 
trogen  was  passed  through  100  cm3  of  filtered  and  slightly  acid  urine 
The  residue  was  inactive.  The  upper  Dart  of  f  J? i  i 

(after  15  to  4^  min  f,  \  ,  ,  part  ot  the  floth  was  removed 

alter  lo  to  45  mm.  frothing)  and,  after  collapse,  subjected  to  foam 

mg  in  a  smaller  apparatus.  The  collanso  of  tu  \  ,  0  loam" 

1  Pm3  .  ‘  e  conapse  ot  the  second  foam  yielded 

1  cm  of  turbid  liquid  which  was  as  active  as  10  to  20 
original  urine.  As  thus  only  10  to  20  nor  An  ,, f  it  .  ?  the 
was  recovered,  the  major  part  of  this  r  ■+  °  ,ni*la  rtct  1  vit.y 

The  bacteriophage  activity  can  h  l08t  in  the  P"*®*- 

cumulation  of  bacterial  folm  T  COncentrated  >»  foam”  Ac- 
teria  presumably  should  be  conside^T?^  h**  alth°llgh  bac‘ 

of  their  suspensions  results  in  flotation  (see  iPttSt3tard,h°Thn8 

in  fractionation  by  foam  r  ,•  laptei  1-3)  rather  than 

‘'hydrophilic”  surfac  Tnnf  t  Whteh  has  a  lively 

pensions  in  water,  %  A  "  m„ fr  H  A  lts  - 

saturated  ^solution  of 
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like  “salting-out”  takes  place.  Mycobacterium  tuberculosis  which  has 
a  waxy  coat  is  transferred  into  froth  also  from  distilled  water  although 
the  transfer  from  5  per  cent  sodium  chloride  solution  is  more  rapid’. 
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THREE-PHASE  FOAMS 


11. 

Section  113.  In  three-phase  foams,  coalescence  of  bubbles  is  pre¬ 
vented  or  retarded  by  solid  bodies  partly  immersed  in  the  liquid.  To 
understand  the  presumable  mechanism  of  this  effect  some  knowledge 
of  the  wetting  of  solids  is  needed  (see,  e.g.,  sections  10  and  11). 

In  section  1 1  it  was  implied  that  the  solid  was  immobile  and  the 
liquid-air  boundary  moved  over  its  surface.  When  the  solid  is  mobile, 
spreading  of  liquid  over  it  means  that  the  solid  is  pulled  into  the 
liquid  and  no  solid-gas  surface  remains.  When  the  solid  is  mobile 
and  the  wetting  is  only  partial,  the  solid  may  stop  in  the  liquid-air 
interface.  This  occurs  when  equation 

W  =  ly  cos  /3  (52) 

is  satisfied.  In  it  W  is  weight  of  the  solid  particle  minus  weight  of 
the  displaced  liquid,  l  is  the  perimeter  of  the  particle  along  the  three- 
phase  boundary,  y  is  surface  tension  of  the  liquid,  and  (3  is  the  angle 
made  by  the  liquid  at  the  solid  with  the  vertical  (see  Fig.  44).  This 
figure  shows  that  the  obtuse  angle  (<p)  made  by  the  solid  and  the 
upward  vertical  is  p  +  d,  i.e,  p  =  <p  -  d.  As  cos  0  is  greater  the 
smaller  (3,  the  upward  force  due  to  surface  tension  increases  when 
V  -  d  decreases.  As  a  rule,  particles  readily  remain  in  the  liquid  sur¬ 
face  if  their  wettability  is  poor  (0  is  large).  At  a  constant  0,  those 
particles  are  more  readily  retained  in  the  surface  which  are  oriented 
so  that  *  -  0  is  small.  If,  for  example,  0  =  90°,  particles  having  hori¬ 
zontal  facets  (for  which  is  about  90°)  have  a  better  chance  to  float 
than  particles  having  no  such  facets. 


Section  114.  Suppose  now  that  a  gas  bubble  rises  and  comes  m 
contact  with  a  solid  particle  suspended  under  another  gas  bubble 
(gee  Fig.  45).  In  analogy  to  the  statement  in  section  113,  it  may  be 
Lid  that  the  particle  is  prevented  from  falling  into  the  gas  hub  i  e 
underneath  it  by  the  force  ly  cos  0.  The  physical  meaning  of  the 
phenomenon  is  perhaps  made  clearer  by  stating  that  the  decrease  in 
the  energy  of  gravitation,  achieved  when  the  particle  descends,  s 
canceled  by  the  increase  in  surface  energy  due  to  the  unavoidable 
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distortion  of  the  bubble  shape.  The  contact  angle  valid  for  the  climb¬ 
ing  of  the  gas-liquid  boundary  along  the  solid  surface  is  the  receding 
angle  (see  section  11),  which  is  always  smaller  than  the  equilibrium 
angle  (unless  both  are  zero).  This  means  that  the  gas-liquid  boundary 
nearly  hugs  the  falling  solid.  If,  for  example,  this  boundary  should 
reach  the  vertical  faces  of  the  particle  shown  in  Fig.  45,  it  would 


Liquid 


tmuRE  44.  A  solid  particle  in  the  surface  of  a  liquid.  6  is  the  angle  between  the 

liquid  and  the  solid  surfaces.  0  is  the  angle  between  the  liquid  surface  and  the 
vertical. 
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Thus  a  solid  particle  tends  to  prevent  coalescence  of  two  bubbles 
if  it  is  in  simultaneous  contact  with  the  gas  phases  of  both  bubbles. 
Presumably,  some  medium  degree  of  wettability  (i.e.,  a  medium 
wetting  angle  d)  is  most  advantageous.  If  d  is  too  great,  the  submerged 
fraction  of  the  particle  is  too  small,  and  the  liquid  partition  between 
two  bubbles  will  thin  too  far  before  the  second  end  of  the  particle 
emerges  in  the  second  bubble  and  the  specific  protection  afforded  to 
three-phase  foams  starts  to  operate.  If  6  is  too  small,  the  particle  may 
be  completely  sucked  into  the  liquid  and  leave  the  partition  with  the 
outflowing  fluid,  when  the  film  thins.  Presumably,  also  some  medium 
particle  size  is  best  for  foam  stability.  Too  large  particles  are  heavy 
and  thus  too  little  affected  by  capillary  forces.  Too  small  particles, 
similarly  to  particles  having  large  0,  would  start  being  operative 
when  the  partition  is  too  thin.  The  thinner  the  film,  the  smaller  prob¬ 
ably  will  be  the  effect  of  solid  particles  on  its  stability. 

The  theoretical  conclusions  mentioned  in  the  previous  paragraph 
remain  hypothetical  because  the  experimental  material  pertaining  to 
three-phase  foam  is  exceedingly  scanty.  A  large  volume  of  publica¬ 
tions  is  available  on  flotation  (see  Chapter  13),  but  students  of  ore 
dressing  paid  but  little  attention  to  the  stability  and  other  properties 
of  the  foams  they  used. 


Section  115.  As  mentioned  in  section  34,  solutions  of  isoamv  1 
alcohol  (3-methyl-butanol)  exhibit  a  maximum  of  the  time  of  col¬ 
lapse  (i)  after  shaking,  which  was  observed,  for  example  at  the 
concentration  of  0.32  per  cent  (w/v),  the  t  being  17  sec  The  same 
author'  shook  aqueous  isoamyl  alcohol  solutions  with  finely  powdered 
chalcopyrite.  There  was  again  a  maximum  of  l,  and  t  he  corresponding 
concentration  (0.3  per  cent  v/v)  was  near  that  observed  m^o- 
nhase  foams,  but  the  value  of  l  (00  sec)  was  high.  The  difference 
between  60  and  17  sec  is  a  measure  of  the  additional  stability  con¬ 
ferred  by  the  solid  particles.  Powders  of  galena,  sphalerite,  oi  m  - 
lvbdenite  increased  <  to  several  minutes.  In  agreement  with  t 
conclusions  of  section  114,  the  efficiency  of  a  solid  was  small  for  both 
coarse  (diameter  greater  than  0.03  cm)  and  very  fine  (colloidal) 

wMch  presumably  corresponded  to  the  range  of  particle  diameters 
between  0.005  cm  and  0.006  cm. 
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The  expected  maximum  of  stability  at  some  medium  degree  of 
wettability  seems  to  manifest  itself  when  oleic  acid  is  added  to  a 
mixture  of  galena  and  0.25  per  cent  (v/v)  aqueous  isoamyl  alcohol1. 
If  x  is  the  final  molarity  of  oleic  acid  and  H  is  the  height  of  froth  after 
standard  shaking,  the  following  table  can  be  made  up: 


x  0  10  6  5  X  10  5  10~4  3  X  10~4  5  X  10~4  10" 3  g-mol  /I 

H  11  13  11  8  3  2  1  cm. 


Small  additions  of  oleic  acid  lower  the  wettability  of  minerals  by 
aqueous  solutions.  Apparently  the  wettability  achieved  in  10 ~bM 
solution  is  best  for  the  stability  of  three-phase  foams. 


It  is  doubtful  whether  the  mechanism  described  in  section  114  is 
operative  in  the  stabilization  of  gelatin  foams  by  finely  dispersed 
metal  hydroxides2.  Thus  standard  bubbling  of  air  through  0.1  per 
cent  gelatin  solution  gave  rise  to  a  foam  column  17  cm  tall  which 
collapsed  to  3  cm  within  40  min.  The  analogous  collapse  (from  17  to 
3  cm)  required  60,  57,  and  48  min.  when  the  gelatin  solution  contained 
0.03  per  cent  ferric  hydroxide,  0.03  per  cent  aluminum  hydroxide 
or  0.018  per  cent  aluminum  hydroxide,  respectively.  These  hydroxides 
have  been  prepared  by  passing  ammonia  over  the  surface  of  suitable 
iron  and  aluminum  salt  solutions.  Colloidal  hydroxides  were  more 
efficacious  The  time  of  collapse  l  was  90  min.  for  0.001  per  cent 
addition  of  feme  hydroxide  sol,  60  min.  for  0.0008  per  cent  chromium 
ydroxide  sol,  etc  Greater  additions  of  hydroxide  flakes  or  colloidal 
hydroxides  lowered  L  Thin  films  of  copper  sulfide,  lead  su  fi  e  0 
zinc  sulfide  lowered  t,  while  colloidal  sulfides  raised  it. 


However  it  is  not  known  whether  these  f  ^  particles- 

three-phase  foams  or  simpli  beluse  thev  “  T™  °f  ** 
as  nuclei  for  water  vaDor  The  1  tt  i  ntain  gases  which  act 
the  observation"  tUt  alol  ef  anati°»  "ell  accounts  for 

solution  (0.5  per  cent  sodium  chlmX +  0  m^PPed  mt°  a  boiling 

droxide  was  used)  increased  priming  while  n  Z  Sodlum  hy' 
after  spending  some  time  in  tho  t  T  v  P0"’der  was  active 

*  t,  “r  r  -  * 

this  rate  was  least  for  galena  ereatpr  f  r  ffeient  substances; 
-omite,  etc.  The 
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facts,  if  we  assume  that  galena  surface  slowly  becomes  well  wettable 
by  water  if  kept  in  hot  aqueous  solution,  and  that  limestone  and 
dolomite  surfaces  change  in  the  same  direction  but  more  rapidly. 

The  results  of  some  other  experiments4, 5’  b'  7’ 8  are  not  conclusive. 
Perhaps  the  amount  of  air  occluded  by  the  powders  or  the  condition 
of  their  surfaces  could  not  be  reproduced. 
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FIRE-FIGHTING  FOAMS 


J.  M.  Perri 


National  Foam  System,  Inc., 
West  Chester ,  Pa. 


Section  1.  The  idea  of  the  use  of  foam  as  a  fire-extinguishing 
medium  originated  in  the  early  1900’s.  The  first  recorded  attempts 
indicate  that  Laurent1  extinguished  a  naphtha  fire  by  application  of 
foam  generated  by  the  reaction  of  two  aqueous  solutions.  One  con¬ 
tained  aluminum  sulfate  and  the  other  sodium  bicarbonate  plus 
saponin.  The  solutions  were  pumped  simultaneously  through  separate 
lines  and  permitted  to  react  in  a  chamber  immediately  prior  to  con¬ 
tacting  the  burning  surface.  The  principles  involved  in  the  formation 
and  application  of  this  so-called  “chemical  foam”  have  not  been 
altered  appreciably  to  this  day.  From  a  chemical  standpoint  the 
subsequent  advances  in  the  art  consisted  primarily  in  the  develop¬ 
ment  of  improved  foam  stabilizers  to  be  used  with  the  acid  and  carbon 
dioxide  liberating  chemicals. 


The  first  use  of  hand  fire  extinguishers  containing  chemical  foam 
if>  reported  as  having  taken  place  in  England  in  191 22 
Meanwhile  petroleum  tank  farms  adopted  fire  protection  systems 
based  upon  the  use  of  stored  solutions  in  the  manner  of  Laurel 
n  1925  Ui quhart  developed  means  for  introduction  of  a  foam  powder 
mixture  directly  into  a  water  stream.  The  advantages  of  storing  the 

dry  chemicals  (see  section  5)  used  in  nlace  of  onw  •  i  ?• 
required  bv  tbo  P  *  corrosive  solutions 

,  .  ‘  '  et  stoi age  systems  (see  section  4)  led  to  wide 

adopt, on  of  this  method  of  continuous  foam  generation  Forth 
advances  m  the  art  pertaining  to  chemical  foam  am  of  m 
portance  with  the  exception  of  the  development  of  fosm'"""^')! 
resist  the  destructive  action  of  alcohols  (see  section  If)  n  ?■ 

The  possibilities  of  the  u.se  of  foam  Drodo^dh  a,'dsectlon  ?»• 
tion  were  realised  by  Wagener’  in  1927  Bv  o11"  ^""'*1  aglta‘ 
veloped  many  practical  memis  for  air  folm  T  ^  ***"  d«- 
fixed  and  portable  systems4  ,1  ,  productlon  for  both 

—  -  um'ii 

...  y«asr-i  sz 
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drolyzed  protein  airfoam  by  the  Armed  Forces’  requirements  in 
World  War  II,  and  by  1947  complete  fire  protection  systems  had 
been  designed,  installed,  and  accepted  as  standard  by  petroleum 
processors  for  tank  farms  and  refineries. 


Section  2.  It  has  long  been  established  that  the  use  of  foam  is 
the  most  effective  means  for  extinguishment  of  flammable  liquid 
fires  of  all  types  and  sizes.  The  advantages  of  a  method  which  pro¬ 
vides  for  temperature  reduction  and  oxygen  exclusion  by  application 
of  a  single  medium  made  from  readily  available  materials  became 
early  apparent. 

From  a  chemical  standpoint  it  is  the  foam  stabilizer  that  presents 
the  most  interest.  It  is  usually  colloidal.  The  natures  of  the  ingre¬ 
dients  employed  as  foaming  agents  in  chemical  and  airfoams  differ 
considerably.  In  the  case  of  the  former,  the  hydrated  aluminum  oxide 
formed  in  situ  aids  the  organic  stabilizer  considerably  in  the  forma¬ 
tion  of  a  suitable  foam  and  the  frother  need  not  be  potent  when  used 
in  water  alone.  Mechanical  foams  require  foaming  agents  of  a  dif¬ 
ferent  class.  These  should  be  readily  dispersible  in  water  to  produce  a 
solution  which  can  easily  be  converted  to  foam. 


Section  3.  The  types  of  foam  compounds  most  widely  found  in 
use  today  are  listed. 


A.  Chemical  Foam 

I.  Portable  Extinguishers 

(a)  2H  Gal— Regular  and  Universal  (Type  I) 

(b)  40  Gal— Regular  and  Universal  (Type  VI) 

II  Continuous  Foam  Generation 

(a)  Stored  Solutions  (“Wet  Storage”)  Systems 

(b)  Chemical  Powders 

m  Single — Regular  and  Universal  (lype  HU 
(2)  Dual— Regular  and  Universal  (Type  VII) 


B.  Mechanical  or  Airfoam 

I.  Low  Expansion 

(a)  6%  Type  (Type  V) 

(1)  Regular 

(2)  Subzero  Use 

(3)  Universal 


II.  High  Expansion 
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The  charges  designated  as  “universal”  are  the  so-called  alcohol- 
stable  type,”  and  will  be  discussed  separately.  1  he  regular  type 
charges  find  greatest  application  in  the  extinguishment  of  fires  in¬ 
volving  hydrocarbons  and  related  nonpolar  compounds  and  are  readily 
destroyed  on  contacting  the  lower  molecular  weight  alcohols  and 
related  polar  solvents.  Both  are  described  in  general  best  by  a  con¬ 
sideration  of  recognized  specifications  devised  bv  U.  S.  Government'’ 
and  the  National  Board  of  Fire  Underwriters’  Laboratories. 


Section  4.  Two  and  One-half  Gallon  Charge  (AI(a)  of  section  3). 
The  charge6  shall  consist  of  two  reactive  chemical  mixtures  separately 
packed  and  designated  as  “A”  and  “B”.  Charge  “A”  shall  contain 
at  least  0.3  lb  of  powdered  aluminum  sulfate  which  will  react  rapidly 
and  completely  with  the  “B”  charge  to  produce  a  strong  closely 
knit  heat-resistant  foam.  The  “B”  charge  shall  contain  a  minimum 
of  \%  lb  of  sodium  bicarbonate  plus  suitable  foam  stabilizers  and 
preservatives.  Ordinary  requirements  are  that  this  charge  when  used 


with  approximately  2  gal  of  water  give  a  minumum  foam  volume  of 
18  gal.  A  satisfactory  commercial  type  should  yield  22  to  24  gal. 

Fire  testing  of  the  foam  is  accomplished  by  subjecting  it  to  a 
burnback  test6  or  using  it  in  the  extinguishment  of  a  standard  fire7, 
the  burnback  test  is  conducted  in  a  steel  pan  having  dimensions 
12  x  12  x  6  in.  A  2-in.  depth  of  foam  is  placed  on  0.5  gal  of  gasoline 
floated  on  water,  a  3-in.  x  12-in.  section  is  cut  away  and  after  5  min. 
the  exposed  gasoline  is  ignited.  “The  foam  blanket  shall  completely 
cover  not  less  than  one-half  the  fuel  surface  after  the  fire  has  burned 
8  min.  and  shall  provide  an  effective  seal  to  fuel  vapors  during  this 
time.”  This  type  of  test  is  used  in  the  testing  of  all  types  of  chemical 
foam  charges  listed.  The  Underwriters’  Laboratory  test  appears  to 
be  the  more  critical  from  a  practical  standpoint  since  it  is  based  upon 
<  eterminmg  the  actual  fire  extinguishing  ability.  The  test  fire  in- 

;;  )ei~  ^  0f  *fS0lme  doated  on  water  in  a  tank  having  a  diameter 
of  4  ft.  After  burning  for  20  sec  the  foam  stream  from  the  extin - 

Tve^UureC\ed  m  u  Standard  manner  a^oss  the  backboard.  The 
e  shall  be  extinguished  with  one  charge.  The  foam  must  have  a 

ment^The  t0  fulfi11  the  extinguishment  require¬ 

ments  The  more  rigid  types  of  foam  generally  are  found  wanting 
even  though  they  pass  the  burnback  test  '  g 
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bo  used  with  about  33  gal  of  water.  The  minimum  foam  volume  re¬ 
quirements  are  225  gal"  and  250  gal7.  Commercial  charges  yield  350 
to  400  gal  of  foam  from  a  single  charge.  No  standard  fire  test  exists; 
however,  a  foam  of  the  proper  fluidity  extinguishes  a  10-ft  x  10-ft 
gasoline  fire  readily. 


The  nature  of  the  extinguishers  dictates  the  necessity  of  using 
charges  which  are  completely  soluble  in  water  and  remain  so  during 
the  period  of  storage.  Chemical  sediment  formation  or  organic  growth 
seriously  interferes  with  operation  of  the  extinguisher  and  constitutes 
an  extreme  hazard  to  operating  personnel  since  pressures  are  likely 
to  be  developed  that  exceed  the  strength  of  the  extinguisher. 

“Wet”  Storage  Charges — Fixed  Systems  (AII(a)  of  section  3).  As  in 
the  case  of  the  2}4  gal  extinguisher,  solutions  of  “A”  and  “B” 
chemicals  are  stored  separately  and  are  mixed  when  the  foam  is 
needed.  These  charges  vary  in  size  from  the  small  automatic  tip-over 
devices  used  to  protect  dip  tanks  to  solution  storage  tanks  of  many 
thousands  of  gallons  from  which  the  solutions  flow  by  gravity  or  air 
pressure  or  are  pumped  simultaneously.  The  stabilizer  is  usually 
provided  in  liquid  form  for  easy  addition  to  the  sodium  bicarbonate 
solution.  Inasmuch  as  these  solutions  are  likely  to  stand  for  years  the 
problem  of  solution  maintenance  arises.  It  is  usually  found  that  the 
“B”  solution  gradually  becomes  deactivated,  the  bicarbonate  being 
converted  to  carbonate.  Restoration  to  its  full  utility  can  be  accom¬ 
plished  by  passing  carbon  dioxide  through  the  solution  until  a  pH  of 
8.0  to  8.5  is  achieved.  Normally  8  volumes  of  foam  are  obtained  from 
1  volume  of  combined  solutions. 


Section  5.  Chemical  Powders  (AII(b)  of  section  3).  The  single 
powder  type  is  usually  contained  in  a  50-lb  package  and  consists  of 
the  usual  “A”  and  “B”  components  plus  agents  designed  to  confer 
proper  flow  characteristics  and  keeping  qualities  to  the  powder.  In 
the  early  stages  of  the  development  of  such  powders  it  had  been 
found  that  “caking”  occurred  on  storage.  1  his  was  probably  due  to  a 
reaction  occurring  between  the  closely  associated  bicarbonate  of  soda 
and  aluminum  sulfate,  a  reaction  being  induced  by  moisture.  A  simple 
test  has  been  devised  in  the  field  to  determine  whether  chemica 
that  has  been  in  storage  for  a  long  time  has  deteriorated.  The  closed 
contained  is  simply  inverted  and  tapped  on  the  bottom;  a  caked 
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material  will  give  a  dull  response  in  contrast  to  a  metallic  ring  indi¬ 
cating  satisfactory  material.  Present-day  formulation  and  manufac¬ 
turing  procedure,  however,  have  overcome  this  shortcoming.  Being 
a  powder  it  is  likely  to  “pack”  and  make  for  difficult  handling  when 
needed. 

JAN-C-267  specifications concerning  foam  volume  for  these  gen¬ 
erator  powders  require  that  each  pound  of  powder  yields  one  cubic 
foot  of  foam  when  used  with  specified  equipment.  In  practice,  with 
standard  commercial  equipment  under  normal  conditions,  10  to  16 
volumes  of  foam  are  obtained  for  each  volume  of  water  depending 
upon  the  design  of  the  system.  The  type  of  foam  that  is  obtained  from 
the  single  powder  may  range  from  the  too  fluid  to  the  too  rigid  type. 
The  conditions  necessary  for  the  achievement  of  a  foam  of  optimum 
fluidity  and  maximum  fire  resistance  have  been  developed  on  a  purely 
empirical  basis  and  existing  chemical  foam  installations  lack  flexi¬ 
bility  as  a  result.  T  he  most  important  of  the  factors  influencing  foam 
quality  are  water  temperature  and  extent  of  resistance  that  the  foam 
encounters  in  the  hose  of  pipelines.  It  is  known  from  a  qualitative 
standpoint  that  the  lower  water  temperatures  delay  the  chemical 
reaction,  hence  the  length  of  pipeline  necessary  to  contain  the  reac¬ 
tants  until  the  foam  is  fully  developed  also  varies.  A  factor  which 
places  luither  limitations  on  the  extent  to  which  chemical  foam  may 
be  permitted  to  flow  through  pipelines  is  the  ease  with  which  it  breaks 
down  when  subjected  to  mechanical  stress. 


Section  6.  Mechanical  Foam  Liquids  (B  of  section  3).  Mechanical 
loam  came  into  general  use  in  the  United  States  during  World  War  II 
I  he  demands  of  the  Armed  Forces  for  a  simplified  means  of  making 
re-fight  nig  foam  led  to  development  of  a  mechanical  foam  liquid 
Zivedfro soybean  protein  as  a  base.  A  few  years  later  products 

orotem  a  ^  h°m  mea1'  and  Pei*™‘  and  corn 

protems  came  onto  the  market.  The  characteristics  of  this  type 

of  the  nVp  '  eSC"bed  i’y  reference  to  the  partial  list  in  Table  10 
the  U.  S  Government  Specifications  JAN-C-2665.  The  foam  liquid 

s  introduced  mto  the  water  line  by  various  means  at  a  oTer  cem 

eraUy^fa90nvdumestairn  MvIiT'  '°  ^  a  f°“m  consistin«  gen- 

liquid.  ’  0l"meS  Water-  and  0.6  volume  foam 
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Table  10.  Characteristics  of  Mechanical  Foam  Liquids 


Characteristic 

JAN-C-266 

Specification 

Regular  6% 
Type 

3%  Type 

Subzero  Type 

Specific  gravity  @  60°F. 

1 . 120  min. 

1.125 

1.175 

1.102 

Viscosity  @  20°F  (centistokes) 

100  max. 

43 

90 

40;  (300  @ 
—  20°F) 

pH  @  70°F 

6-7.5 

7.1 

7.0 

7.4 

Pour  point  (°F).  . 

15  max. 

5 

-18 

-25 

Sedimentation  (%  volume)... 

0.1  max. 

0.02 

0.01 

0.01 

Precipitation  in  6%  solution 

Fresh  water 

0 

0 

0 

— 

Sea  water . 

0 

0 

0 

— 

Aging . 

No  change 

No  change 

No  change 

No  change 

Foam  volume  @  70°F  (gal 

foam/gal  liquid) . 

125 

135 

— 

— 

Expansion 

— 

10 

10  (7.5  @ 
—  20°F) 

Fire  requirements 

Coverage  (minutes) . 

2  max. 

1 

1 

1 

Control  (minutes) . 

4  max. 

2 

2 

3.6 

Extinguishment  (minutes).. 

5  max. 

2.5 

2.5 

4.0 

Foam  blanket -depth 

(inches) . 

2 

3.5 

3.0 

3.0 

Sealability  (minutes) . 

15  min. 

20 

,  20 

20 

Rekindling  (void  test) . 

24"  x  24" 

14"  x  14" 

15"  x  15" 

15"  x  15" 

max. 

Specific  Gravity.  A  value  as  indicated  in  JAN-C-266  provides  for  a  protein 

KJ  /  \A/%/  *fv  y  •  II.  c. 

content  of  25  to  35  per  cent. 

Viscosity.  Since  in  most  instances  the  liquid  is  dratted  through  metered 
orifices  the  viscosity  is  of  importance.  Ideally  the  viscosity  of  the  liquid  should 
be  independent  of  temperature.  It  has  been  found  through  practical  experience 
that  the  viscosity  of  the  liquid  may  approach  300  centistokes  before  the  de¬ 
crease  in  rate  of  liquid  introduction  is  sufficient  to  affect  appreciably  the 
quality  of  the  foam. 

Aging.  The  aging  test  is  conducted  in  part  by  subjecting  the  liquid  to  a 
temperature  of  150°F.  for  24  hours.  Improperly  prepared  liquid  usually  de¬ 
velops  nonhomogeneity  as  evidenced  by  “skin”  or  sediment  formation.  Sedi¬ 
ment  formation  in  excess  of  0.1  per  cent  would  indicate  that  the  liquid  would 

be  susceptible  to  sediment  formation  on  aging.  tvtdtt 

Foam  Volume.  The  specifications  call  for  the  use  of  the  standard  NPU 

nozzle  (U.  S.  Navy  Specifications)  which  has  a  capacity  of  60  gpm  at  100  psi. 
The  expansion  obtained  is  8  to  9  as  compared  to  approximately  10  for  the  same 

liquid  through  commercial  foam  nozzles. 

Fin  Test*.  The  fire  tests  are  conducted  on  a  10  ft  X  10  ft  gasohne  fire  apply¬ 
ing  foam  produced  from  water  pumped  at  a  rate  of  6  gpm.  The  f°»"~  J 
directed  through  the  fire  to  the  far  wall  of  the  test  tank.  A  foam  must  have 
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proper  degree  of  fluidity  (see  section  13)  lest  the  continuity  of  the  foam  blanket 
he  disrupted  in  a  manner  as  to  permit  separation  along  vertical  planes.  As  a 
result,  the  gasoline  surface  will  be  re-exposed  and  difficultly  covered  again  since 
the  surrounding  foam  has  drained  considerably  and  flows  freely  no  longer. 
The  covering  quality  of  the  foam  is  tested  15  min.  after  the  extinguishment  of 
the  fire  by  passing  a  lighted  torch  over  the  foam  blanket  to  determine  whether 
ignition  will  occur  through  the  foam.  After  the  blanket  has  aged  15  min.  a 
6  in.  X  6  in.  square  is  cut,  and  the  gasoline  is  ignited  and  permitted  to  burn  for 
5  min.  The  void  shall  not  increase  to  an  area  greater  than  24  in.  X  24  in. 


Section  7.  The  same  fire  test  equipment  has  been  used  to  ad¬ 
vantage  in  evaluation  of  foam  liquids  according  to  the  minimum 
quantities  or  rates  of  application  necessary  to  achieve  extinguishment 
within  a  given  time.  Thus  it  has  been  found  that  foam  made  from  the 
3  per  cent  liquid  described  above  extinguishes  the  standard  fire  when 
applied  at  two-thirds  the  rate  specified  in  JAN-C-266.  Another  favor¬ 
able  feature  of  this  test  is  its  suitability  for  evaluating  directly  the 
factors  that  others  had  attempted  to  measure  indirectly  and  on  a  small 
scale.  A  qualitative  picture  of  the  flame  resistance  is  obtained  by 
observation  of  the  behavior  of  the  foam  stream  as  it  passes  through 
the  fire.  The  resistance  to  radiant  heat  (see  section  16)  is  measured 
by  the  coverage  time  (see  section  6)  and  viscosity  (see  section  13)  by 
the  control  time  (see  section  6).  Stability  toward  gasoline  (see  section 
15)  is  measured  by  the  sealability  test  (see  section  6)  and  burnback 
(see  section  4)  by  the  void  test  (see  section  6). 


Section  8.  The  experience  gained  through  the  above  test  has 
le  ped  in  devising  a  smaller  scale  test  that  serves  equally  satisfactorily 
and  has  been  used  in  Underwriters'  Laboratories'  evaluation  of  new 
foam  liquids  .  1  he  test  pan  measured  5^  X  5^  X  1  ft.  The  foam  was 

ofThe't  wr°Uf/  ma"if®ld  havin«  four  outlets  placed  at  one  corner 

appl-iTn 

delivered1  into  *the 'test  fanh  Th^  ‘i!  7*™*  *  foam  was 

attest  rate  and  increased  00^^^“ 

are  not  suffidemly  discrindnatory  0!^“^  aTIh^sI 
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rate  of  foam  application9.  Fires  involving  ethyl  acetate,  isopropyl 
ether,  or  isopropyl  acetate  are  just  as  readily  extinguished  with 
protein-type  foam  as  is  a  gasoline  fire,  although  the  first  three  sol¬ 
vents  are  notorious  for  their  disruptive  action  on  foam.  Again,  test 
conducted  on  iron-free,  protein-type  liquid  aged  10  years  showed  the 
same  extinguishment  time  as  the  iron-fortified  foam  at  a  water-in-foam 
application  rate  of  0.04  gpm/sq  ft.  However,  at  0.0275  gpm/sq  ft 
the  rate  of  foam  destruction  exceeded  the  rate  of  application  and  the 
foam  failed  to  extinguish  the  tire. 

Standard  fire  test  performance  was  established  using  gasoline  as  a 
fuel  and  regular  6  per  cent  protein  foam  applied  at  a  water  rate  of 
0.04  gpm/sq  ft.  The  control  time  (see  section  6)  of  2.75  min.  was  more 
readily  reproducible  (±15  sec)  than  total  extinguishment  time  and 
was  adopted  as  a  reference  value.  This  test  was  then  used  to  evaluate 
the  efficacy  of  the  protein-base  liquid  as  an  extinguishing  agent  for 
fires  involving  materials  other  than  gasoline  (see  Table  11).  Foi  some 
materials  two  rates  of  application  were  tested. 


Table  11.  Effectiveness  of  Mechanical  Protein  Foam  on  Various 

Solvents 


Gasoline 

Isopropyl 

Acetate 

Ethylene 

Glycol 

1  Acetal¬ 
dehyde 

Ethyl 

Acetate 

Ethyl 

Ether 

Rate  water  application 

0.04 

2.75 

0.013 

None 

0.04 

None 

0.093 

1.75 

0.013 

5 

0.04 

2 

0.16 

3.5 

0.16 

3.5 

0.22 

1 

0.133 

3.5 

V&P111/  1  v  1  ■ 

Control  time  (min.). . . . 

seen  that  extinguishment 
can  be  achieved  at  a  rate 
ethylene  glycol  at  a  rate 
lends  itself  to  like  inter- 
about  2.75  min.,  the  rate 
ing  order: 

Ethylene  glycol 
Gasoline 

Isopropyl  acetate 
Ethyl  ether 
Ethyl  acetate 
Acetaldehyde 


In  the  case  of  isopropyl  acetate  it  is 
comparable  with  that  of  the  standard  fite 
slightly  below  the  0.093  indicated  and  for 
between  0.013  and  0.04.  The  other  data 
pretation.  To  achieve  the  control  time  of 
of  application  must  increase  in  the  follow 


i.e.,  acetaldehyde  fires  are  most  persistent. 
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Section  9.  The  displacement  by  a  material  possessing  lower  sur¬ 
face  tension  of  less  active  molecules  at  the  surface  is  discussed  in  Chap¬ 
ter  3,  section  47;  see  also  ref.  10.  Perri  and  Hazel11  explored  the  same 
subject  with  reference  to  protein  foams  and  alcohols.  Surface  film 
studies  showed  that  the  protein  film-forming  substances  were  readily 
displaced  by  water-soluble  alcohols,  the  effective  concentration  being- 
lower  the  greater  the  molecular  weight  of  the  soluble  alcohol.  A 


Concentrotion  Alcohol  (%) 

I1  igure  46.  Effect  of  alcohols  on  protein  foam.  From  Perri  and  Hazel". 


qualitative  picture  was  also  obtained  concerning  the  effect  of  alcohols 
on  protein-type  foam.  The  persistence  of  foam  superimposed  on 
various  alcohols  was  measured.  From  Fig.  46  it  is  seen  that  the  ob- 
-enations  made  in  the  surface  Him  studies  are  borne  out  the  higher 

“S  *he  toward^the 


^rtecia,  r—  ^ 

has  long  been  recognised.  The  first 
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duced  and  used  on  a  commercial  scale  derives  from  the  Boyd  patent 
(see  section  24).  Insoluble  fatty  acid  soaps  had  been  utilized  to 
stabilize  foam  bubbles  against  attack  by  alcohol  vapors.  Since  then 
stabilizers  and  charges  have  been  devised  for  portable  extinguishers1J 
and  mechanical  foam  equipment13.  These  developments  consisted 
primarily  in  modifying  the  basic  stabilizing  ingredients  so  as  to  achieve 
compatibility  with  the  given  foam-making  devices  and  procedures. 

Tests  conducted  by  the  Underwriters’  Laboratories14  in  1940  on 
single-powder  chemical  foam  (see  section  3)  were  used  as  a  basis  for 
establishment  of  National  Fire  Protection  Association  Standards15 
for  protection  of  alcohols.  The  test  results  in  the  extinguishment  of 
150-sq-ft  fires  are  summarized  in  Table  12.  The  N.F.P.A.  pamphlet 
No.  11.  1951  also  recognizes  the  use  of  such  foams  for  extinguishing 
fires  involving  the  following  flammable  materials: 


Alcohols 

Methyl 

Ethyl 

Propyl 

*Butyl 

*Diacetone 


Acetates 

Ethers 

Ketones 

Methyl 

Ethyl 

Acetone 

Ethyl 

Isopropyl 

Amyl 

Dioxane 

Cellosolves 

*Carbitols 

Methyl  ethyl  ketone 

*  These  represent  borderline  cases  in  which  the  material  destroys  ordinary 
foam  to  some  extent.  A  higher  than  usual  rate  of  regular  foam  application  is 
necessary  to  achieve  effectiveness  ordinarily  encountered  on  petroleum  prod¬ 
ucts. 


Table  12.  Use  of  Alcohol-Stable  Foams  on  Some  Solvents 

.  ,  |  Rate  of  Application 

Extinguishment  lime  |  Water-in-Foam 

(min.,  sec)  (gpm/sq  ft) 


Flammable  Material 


Isopropyl  ether 
Methyl  acetate 
Diethyl  ether 
Methanol 

Ethanol . 

Isopropyl  alcohol 
Ethyl  acetate 

Acetone  . 

Isopropyl  acetate 

Gasoline . 

Acrylonitrile . 


Single  Powder 
Chemical 

4  min.  25  sec 
1  min.  30  sec 
8  min.  25  sec 
1  min.  30  sec 
1  min.  7  sec 

1  min.  20  sec 


Mechani¬ 
cal  Foam 
(sec) 

2Vi  Gal 
Extin¬ 
guisher 
(sec) 

65 

15 

55 

26 

55 

25 

59 

25 

49 

25 

50 

17 

45 

42 

47 

16 

60 

46 

40 

Single 

Powder 

Chemical 

Mechani¬ 
cal  Foam 

0.13 

0.1 

0.10 

0.27 

0.2 

0.10 

0.1 

0.10 

0.1 

0.10 

0.1 

0.10 

0.1 

0.1 

0.10 

0.1 

0.1 

0.1 
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Test  experience  with  alcohol-resistant  foam  from  the  2^2  gnl  ex_ 
tinguisher  was  reported  in  195016.  The  fire  tests  were  conducted  in 
the  standard  4-ft-diameter  test  tank  (see  section  4).  The  results  are 
incorporated  in  Table  12. 


Section  11.  The  introduction  and  general  acceptance  of  mechani¬ 
cal  foam  application  as  vastly  superior  to  chemical  foam  created  a 
need  for  a  mechanical  foam  that  would  resist  alcohol  vapors.  The 
regular  protein  types  are  indicated  in  the  N.F.P.A.  pamphlet  No.  11 
as  unsuited  for  fires  involving  the  following.  This  list  is  not  considered 
complete  and  represents  only  current  knowledge. 


Alcohols 

Acetates 

Ketones 

Ethers 

Methyl 

Methyl 

Acetone 

Ethyl 

Ethyl 

Ethyl 

Methyl  ethyl 

Isopropyl 

Propyl  (all) 

Isopropyl 

Methyl  isobutyl 

Butyl 

Butyl  (all) 

Butyl 

Methyl  n-amyl 

Dioxane 

Amvl  (all) 

Amyl 

Acetonyl  acetone 

Cellosolves 

Hexyl 

Heptyl 

Octyl 

Nonyl 

Diacetone 

Carbitols 

An  alcohol-resistant  mechanical  foam  was  introduced  into  the  field 
in  1951  and  conformed  in  most  respects  to  existing  specifications 
or  mechanical  foam  liquid.  The  fire  tests  were  conducted  for  the  most 
part  on  the  5^-ft  X  5l/2  ft  test  pan  previuosly  described  (see  Table 
11)  to  determine  the  minimum  rates  of  foam  application  necessary 
*he  jyarious  fires>  and  to  make  possible  comparison 

in  Table  ^  ^  ^  ^  The  teSt  reSultS  are  included 

beFof°nA?TiCal  S*andpoint  on'y  two  formulations  may  be  said  to 

he  lim.id  ^  Slg,,’,ficance'  AlthouSh  ‘he  manner  of  preparation  of 
he  liquid  differs,  both  employ  the  same  foam  stabilizing  principle 

"  b(e  T1  ’  that  ,S-  f°rmati0n  of  “  insoluble  soapTn  the 
the”eavv  metaf  °ne  CaSe,°'’  comPatibility  of  the  components  of 

inc  tho  ,  P.m  an  af|U00IIK  medium  is  achieved  by  sequester- 

nig  the  metallic  ion  in  the  form  of  i+o  i  • 

or  copper  salts  and  fatty  acids  having;  7  toll  **  fmm°ma  Salt‘  Zinc 
co-evist  in  3  7  naving  7  to  11  carbon  atoms  can  thus 
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A  neutral  composition13,  harmless  to  personnel  and  equipment, 
uses  fatty  acids  having  12  to  14  carbon  atoms.  Aluminum  salts  and 
the  fatty  acids  are  incorporated  into  a  degraded  protein  solution  with 
the  aid  of  a  solubilizer  of  the  alkyl-aryl  sulfonate  type. 


Section  12.  Specific  Gravity  of  Foam.  The  role  played  by  specific 
gravity  (see  Chapter  5)  of  fire-fighting  foams  has  been  investigated 
variously.  In  actual  practice  reference  is  made  to  expressions  which 
are  functions  of  the  specific  gravity.  Friedrich18  used  the  term 
foam  number ,  defined  as  the  volume  ratio  of  foam  to  water.  Expan¬ 
sion 19 ’ 20,  which  is  the  reciprocal  of  the  specific  gravity,  however,  finds 
general  current  usage.  The  foam  number  was  determined  by  taking  a 
container  of  known  capacity,  filling  it  to  overflowing  with  foam,  and 
weighing  it  when  full.  Tuve"  employed  a  vessel  of  specified  dimen¬ 
sions.  Friedrich  found  in  a  study  of  the  five  mechanical  foams  avail¬ 
able  in  1943  that  the  foam  numbers  varied.  Some  had  values  as  high 


as  19,  others  as  low  as  7  and  one,  10.  A  standard  commercial  branch- 
pipe  foam  applicator  was  used.  The  most  desirable  value  was  con¬ 
sidered  to  be  between  6  and  10. 


Foam  volume  measurements  were  made  by  Clark  using  a  branch- 
pipe  leading  by  means  of  piping  and  a  trumpet-shaped  deflector  into 
a  rectangular  brick  structure  having  a  capacity  of  about  500  gal.  It 
was  found  that  it  was  most  desirable  to  collect  400  gal  of  loam,  as 


smaller  quantities  led  to  inconsistencies.  Corrections  were  made  for 
thermal  air  expansion  since  temperature  differences  between  the  air 
and  water  could  lead  to  an  error  of  4  per  cent  in  the  foam  expansion. 
The  pressure  of  superimposed  foam  was  found  to  be  inappreciable 
and  not  further  considered.  The  correction  for  the  temperature 
coefficient  of  expansion  factor  varied  little  between  15  and  20°C.  The 
general  nature  of  the  concentration-expansion  curves  obtained  is 
indicated  in  Fig.  47.  The  relationship  between  the  expansion  factor 
and  concentration  of  foaming  agent  in  solution  follows  m  all  cases  a 
proportionality  up  to  a  certain  point  beyond  which  the  1  actor  becomes 
seemingly  independent  of  concentration.  A  mixture  of  ammonium 
isopropylnaphthalene-0-sulfonate  and  gelatin  (see  section  19)  was 
the  most  copious  foamer;  however,  the  foam  was  not  closely  knit  and 
contained  many  large  bubbles,  some  20  m.  in  diameter.  The  bam 
was  found  to  be  true,  only  to  a  lesser  degree,  with  a  potash-coconut 
fatty  acid  soap  solution,  a  foam  expansion  of  about  11  being  obtained 
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at  a  2  per  cent  concentration.  The  blood  hydrolysate  which  might 
be  taken  as  representative  of  the  protein-type  liquids  generally  found 
in  practice  today,  required  higher  concentrations  and  pressures  to 
achieve  satisfactory  foam  volumes.  This  type,  however,  produces  a 
foam  which  generally  is  composed  of  finer  bubbles  and  is  capable  of 
retaining  its  liquid  content  for  a  longer  period  of  time.  The  expansion 
of  the  blood  hydrolysate  solutions  was  greatest  at  a  pressure  of  150 
psi  and  keratin  at  about  125  psi. 


1  he  effect  of  temperature  upon  the  expansion  of  a  fire-fighting 
loam  has  considerable  practical  importance.  The  data  used  in  con¬ 
struction  of  Fig.  48  were  obtained  using  a  commercial  foam  nozzle 
and  a  soybean  protein  hydrolysate21.  The  expansion  is  at  a  maximum 

rT  85"9°°F*  Dependence  ^  the  heat  resistance 
b  ee  section  16)  upon  the  expansion  is  also  indicated. 

A  factor  not  considered  in  the  literature  is  the  dependence  of  the 
extern  of  submergence  into  the  fuel  upon  the  expansion.  This  is  of 
eoncern  part.cularly  in  cases  where  the  foam  is  permitted  o  fa 

1  Itu  t'h  ^  !°  ^  0n'  The  —  ^  ^am  wil,  pe“ 
fuel  farther  and  carry  up  with  it  a  correspondingly  greater 
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amount  of  flammable  liquid,  consequently  subjecting  a  greater  number 
of  foam  bubbles  to  direct  flame  attack.  A  high  expansion  foam  (15  or 
more),  on  the  other  hand,  is  also  found  to  be  deficient  because  the 
extreme  updrafts  accompanying  a  fire  retard  direct  fall  of  the  foam. 
Current  usage  indicates  that  expansions  of  8  to  10  are  the  most 
practical. 


Temperature  (°F) 

Figure  48.  Effect  of  temperature  on  expansion  of  mechanical  foam.  Irom  ret 
21. 


Tuve19  found  that  at  low  rates  of  foam  application  the  lower  expan¬ 
sion  foams  required  longer  periods  of  time  to  extinguish  a  fire.  As 
the  rate  of  foam  application  was  increased  the  optimum  expansion 
decreased;  for  example,  at  rate  of  0.04  gpm  water/sq  ft  expansion  of 
8  is  best,  and  at  0.2  gpm  water/sq  ft,  expansion  of  4  is  best.  At  a  rate  of 
0.09  gpm/sq  ft,  near  that  in  current  use,  there  was  no  applet  u  > 
difference  in  extinguishment  times  lor  loams  ranging  'o™ 
expansions.  The  tests  were  conducted  on  a  small  scale  an  . 
cated  that  the  general  application  of  the  data  may  ic  i 
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conducted  on  a  10  ft  X  10  ft  gasoline  fire  (section  6)  showed  that  a 
protein  hydrolysate  foam  having  an  expansion  of  5  required  about  8 
min.  for  extinguishment  as  compared  to  5  min.  for  a  10-expansion 
foam  under  same  water  rate  conditions.  Indications  are  that  the 
governing  factor  was  the  rate  of  foam  application,  the  higher  ex¬ 
pansion  foam  covering  the  liquid  surface  more  rapidly. 


Section  13.  Fluidity.  The  facility  with  which  foams  spread  over 
the  surfaces  of  burning  liquids  has  been  investigated  indirectly  by  con- 


Concentrotion  Foaming  Agent  (%) 

Figure  40.  Critical  shearing  stress  of  mechanical  foams.  From  Clark™. 


sideration  °f  foam  viscosity.  Difficultly  controllable  factors  which 
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travel  of  a  sphere  through  the  foam  was  employed.  Clark20  found 
limiting  shearing  stress  dependent  upon  concentration  of  foaming 
agent  for  the  hydrolyzed  proteins  from  keratin,  blood,  and  soybean. 
At  equal  concentrations  the  foam  from  the  keratin  was  most  resistent, 
that  from  blood  less,  and  soybean  protein  least  (see  Fig.  49).  A 
glue-wetting  agent  mixture  and  a  soap  solution  showed  no  appreciable 
change  over  the  same  concentration  range  considered.  The  hydrolyzed 
keratin  and  blood  also  showed  increased  viscosities  as  extent  of  heat¬ 
ing  increased,  whereas  the  glue- wetting  agent  mixture  was  relatively 
unaffected. 


Figure  50.  Variation  in  optimum  foam  viscosity  with  expansion  value.  From 
Tuve  and  Peterson19. 


Tuve18  considered  the  influence  of  apparent  viscosity  as  measured 
by  a  modification  of  Amsel’s  apparatus  and  water  drainage  on  te 
fire-extinguishing  ability  of  protein  foams.  It  was  found  that  the 
less  viscous  foams  were  not  the  most  effective  m  extinguishing  gasoline 
fires  in  spite  of  the  rapid  coverage  expected.  Presumably  such  loams 
lose  their  water  rapidly  and  become  more  vulnerable  to  flame  attach 
Conversely  the  more  viscous  foams,  although  having  lower  ra  e  of 
water  drainage,  are  hindered  m  performance  by lack 

ssrsirM  rs  sir.  ra-  - 
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its  direct  relationship  to  fire  extinguishment.  Grove  et  al2i  investi¬ 
gated  the  effects  of  pressure,  rate  of  shear,  and  air/water  ratio  on 
the  apparent  viscosity  to  provide  data  which  could  be  used  for  pre¬ 
dicting  pressure  drops  on  transporting  foam  in  pipes.  Increased 
pressure  on  the  foam  decreased  the  viscosity  for  the  reason  that  the 
accompanying  reduction  in  air  volume  gave  the  effect  of  a  foam  of 
decreased  expansion.  The  dependence  of  viscosity  on  expansion  is 
implied  in  Figure  49  after  consideration  of  section  12. 


Section  14.  Foam  Stability  at  Ordinary  Temperature.  This  name 
was  given22  to  the  half-time  of  drainage  (see  Chapter  4).  This  is 
defined  as  the  length  of  time  required  for  a  standard  quantity  of  foam 
to  yield  half  its  liquid  content.  Amsel  states  that  a  foam  that  under¬ 
goes  no  considerable  change  in  volume  and  retains  its  liquid  content 
is  undoubtedly  better  than  one  which  drains  off  rapidly.  It  was 
recognized  that  the  values  obtained  are  valid  only  in  considering 
foams  of  equal  expansion  values.  Tuve  established  minimum  ex¬ 
tinguishment  times  on  the  2.76  sq  ft  gasoline  fire  tests  for  foams  of 
expansions  4  to  6  and  above  8.  The  optimum  drainage  time  for  the 
ovei  expansion  foams  was  longer  than  that  for  foam  of  higher 
expansion.  On  the  basis  of  this  work  the  National  Fire  Protection 
-  ssociation  has  adopted  the  procedure  as  part  of  a  scheme  for  field 

tha  Tend"  "tselTT  A  ^'T  d“rt  <"*  Fig'  51)  has  bee»  Prepared 
mar  lends  itself  to  easy  interpretation. 


foaming  liquid  contled  T  he  S  T*  °f  th* 

of  the  immiscible  liquid  Relative  ,1  T  t  C°Iumn  with  100  cc 
hydrolysates  are  aboTt'  fhe  tTe  al  To  Tl  bl°°d  “d  kerati" 

glue-wetting  agent  mixture  the  least  stabTTt  93  dT  “  T  ‘he 

was  attributed  to  greater  submit  v*  7  at  93-  Decreased  stability 
vapors  into  the  bubble,  increasing  its  °  '"''T'"  °f  h.V'lrocarbon 
Although  this  may  be  a  contributing  f  \  !  a"d  lnternal  Pressure. 

^.deration  should  be  given  to  the  mote  direct  effeTT  7*  ^  ^ 
reaction.  It  has  long  been  established  Z 
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bilizer  for  hydrocarbons  and  it  is  to  be  expected  that  alteration  of  the 
adsorbed  layer  in  this  manner  would  radically  change  its  physical 
characteristics.  The  protein  is  not  so  affected.  Unpublished  observa¬ 
tions  by  the  author  lend  credence  to  this  thought.  Foams  which 
are  stable  on  alcohol  show  decreased  stability  on  alcohol  containing 
hydrocarbons.  With  a  sufficiently  high  concentration  of  hydrocarbons 
the  foams  are  destroyed  on  contact.  The  primary  foam  stabilizers  in 


Figure  51.  Guide  for  determining  relative  airfoam  quality.  “25%  Time”  is 
time  required  for  25%  of  liquid  content  to  drain.  After  the  National  F.re  P.o- 

tection  Association. 


these  foams  are  aluminum  soaps  (see  section  24)  which,  as  is  known, 

are  extremely  more  soluble  in  hydrocarbons  than  in  alcohol. 

A  further  observation  concerning  the  interplay  between  soaps,  y- 

drocarbons,  and  mechanical  foams  is  of  much  practical 

In  the  combating  of  spill  fires  involving  hydrocarbons  it  is  the  es 
in  tne  com f  ^nock  down”  the  fire  instantly 

tablished  practice  to  attempt  to  kn  nrotective 

using  a  “dry  chemical  extinguisher”  and  then  foam  as  a  protective 

coler  to  prevent  “flashbacks.”  The  dry  chemical  extinguisher  dis¬ 
charges  a  cloud  of  finely  powdered  sodium  bicarbonate  containing  . 
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small  percentage  of  aluminum  stearate.  Liquid  hydrocarbons  treated 
in  this  manner  with  aluminum  stearate  destroy  protein-type  foam  on 
contact.  Soap  foams  are  relatively  unaffected. 


Section  16.  Stability  at  Elevated  Temperatures.  Measurements  of 
the  heat  resistance  of  foam  were  made  by  exposing  a  given  quantity 
contained  in  a  dish  to  a  Bunsen  burner  flame24  or  by  placing  in  an 
electric  oven22, 20.  Both  tests  measured  the  rapidity  of  foam  collapse. 
In  the  former  the  time  was  taken  as  that  required  for  80  per  cent 
dec  omposition  and  in  the  latter,  as  the  time  at  which  a  clear  surface 
became  visible  (see  Chapter  2,  section  29).  Clark20  used  a  simpler 
modification  of  Amsel’s  apparatus.  In  principle  a  quantity  of 
foam  in  a  calibrated  vessel  was  exposed  to  overhead  heat  from  elec¬ 
tric  heater  elements  of  the  threaded  rod  type.  The  period  taken 
lor  half  the  foam  to  collapse  was  observed.  It  was  found  that  an 
unfortified  soybean  protein  foam  collapsed  more  readily  than  the 
soap  foam.  The  addition  of  ferrous  sulfate,  however,  to  the  soybean 
protein  hydrolysate  has  shown  a  reversal  of  this  condition  in  practice. 

rotem  foams  in  general  are  made  more  heat  resistant  by  the  addition 
of  ferrous  sulfate,  the  source  of  the  protein  being  of  secondary  impor¬ 
tance  as  regards  this  property.  The  degree  of  dispersion  was  found 

remff0amS’  heat  resistance  ‘""easing  as  bubble 
lzedeci eased.  I  he  soap  foams  are  not  so  affected 

Tests  conducted  by  the  author  have  shown  that  although  the  soan 

increased  with  an  increase  in  water  content^  ‘  Tu  heat  res,stance 
of  expansion.  m  er  the  normal  range 


1  gases  liom  a  covered  liquid.  In  this 
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test  a  diaphragm  was  placed  at  the  5  cc  mark  of  the  cylindrical  test 
vessel  into  which  5  cc  of  gasoline  was  introduced.  Foam  was  then 
added  to  a  height  of  15  cm  above  the  diaphragm.  The  test  vessel 
was  heated  slowly  and  the  maximum  pressure  of  the  gasoline  vapor 
was  measured.  This  point  was  reached  shortly  before  the  gasoline 
vapors  broke  through  the  foam  blanket.  It  is  clear  that  the  resistance 
of  a  foam  column  to  unilateral  pressure  as  described  in  Chapter  5, 
section  68  is  measured  here.  Reference  is  made  to  this  property  also 
in  the  JAN-C-2665  specifications  for  mechanical  foam  (see  section  6 
and  “sealability”  in  Table  10).  The  fact  that  the  test  of  this  reference 
is  conducted  under  actual  field  conditions  adds  to  its  reliability.  It  is 
clear  that  the  property  measured  here  primarily  is  that  measured  by 
Clark  (see  section  18). 


Section  18.  Figure  of  Merit.  The  approach  taken  by  Clark2U  in 
devising  a  fire  test  was  that  of  investigating  separately  the  factors 
of  production  and  consumption  of  foam.  It  was  preferred  to  subject  a 
stationary  preformed  foam  blanket  to  attack  by  fire,  since  tests  in 
which  foam  was  permitted  to  flow  onto  the  burning  gasoline  showed 
that  the  rate  of  foam  consumption  decreased  with  time  as  the  fire 

intensity  decreased. 

Gasoline  was  permitted  to  flow  under  a  confined  163  sq  ft  area  of 
foam  afloat  on  water  at  a  constant  rate  of  about  1  gpm.  After  ap¬ 
proximately  5  min.  the  gasoline  was  ignited  in  the  neighboring  area 
contacting  the  foam  on  one  edge  of  the  blanket.  The  fire  was  permitted 
to  burn  until  a  standard  area  of  foam,  27.5  sq  ft,  had .been ^consumed- 

Test  results  were  converted  into  a  Figure  of  Merit  (  -  )  cc  nei 

as  the  ratio  of  the  rate  of  production  to  the  rate  of  con^umptiom 
The  rate  of  production,  sq  ft/min.,  was  represented  by  the  facility 
with  which  an  area  of  burning  gasoline  could  be  covered  assuming 
breakdown  of  foam.  Variations  in  the  F-M  were  noted  depending  upon 
the  wind  direction.  With  fire  toward  the  foam  the  value  was 
compared  to  310  with  wind  in  the  opposite  direction. 

Further  refinements  of  this  test  procedure  are  described  by  Fry 
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tein,  soap  and  wetting  agents  were  in  the  same  order  as  Clark’s.  It 
was  recognized  that  while  the  F-M  indicates  the  relative  values  of  dif¬ 
ferent  materials,  it  cannot  be  used  as  a  basis  for  calculating  the 
quantity  of  material  or  the  rate  of  application  necessary  to  extin¬ 
guish  a  given  fire.  In  order  to  be  able  to  use  the  F-M  as  a  basis  for  de¬ 
ciding  acceptability  of  a  given  foam  it  will  be  necessary  to  correlate 
the  values  with  actual  fire  extinguishing  tests. 


are  indioated  in  p«- 

blood  and  keratin  hydrolysates  were  !?U1Va  ent  concentrations  the 
values  of  60  and  55  being  followpH  \  °  m?re  ^re  res*stant  with 

glue-wetting  agent’  Sre  at  lut  T  ^  a  ^  °f  40  “d  *• 

fromTydrol^dkeraUn  ToivedThat  the^  made 

achieved  at  150  psi  with  a 't  ,  maxlmum  had  not  been 

55  is  achieved  at  about  2.5  per  cent"  at  50 ‘""'if  l°°  PS‘  a  limit  of 

d'd  not  increase  appreciably  on  up  to  5  n  ^  F"M  "’as  30>  and 

y  on  up  to  5  per  cent  concentration.  The 
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relationship  between  the  F-M  and  concentration  of  a  foaming  agent 
in  solution  follows  in  all  cases  a  proportionality  up  to  a  certain  point 
after  which  F-M  becomes  seemingly  independent  of  concentration. 
A  very  similar  function  is  shown  by  the  expansion  factor  and  concen¬ 
tration  and  there  is  obviously  a  close  dependence  of  the  F-M  on  the 
expansion  factor. 


Section  19.  Rating  of  Foams.  Amsel’s22  investigation  is  particularly 
noteworthy  since  it  included  means  for  rating  of  foams  on  a  numerical 
basis.  His  “foam  index,”  /,  shows  the  relationship  between  heat 
stability,  h,  expansion,  s,  and  viscosity,  z,  each  determined  as  pre¬ 
viously  described. 

I  -  h 

log  ( sz ) 


A  number  of  foams  evaluated  in  this  manner  were  found  to  yield 
the  same  general  order  when  classified  by  burnback  tests  (section  4). 
The  latter  tests  were  conducted  in  a  3-meter-diameter  pan.  Foam 
volumes  and  extinguishment  times  for  an  18-meter-diameter  gaso¬ 
line  fire  are  given  along  with  I  values.  It  is  claimed  that  by  knowing 
I  for  a  given  foam  one  can  calculate  in  advance  the  extinguish¬ 
ment  time  for  an  18-meter-diameter  gasoline  fire.  The  limitations  on 
the  usefulness  of  I  are  apparent,  it  being  of  value  primarily  as  a 


means  for  comparing  foams. 

Friedrich’s18  evaluation  of  five  mechanical  foam  materials  in  use  in 
Germany  in  1943  was  done  in  a  less  rigid  manner.  “  ‘Tutogen  N’  and 
■NW’  belong  together;  they  yield  relatively  high  foam  numbers  .  ■ 
have  high  rate  of  foam  delivery.  Their  fluidity  and  emulsification 
factors  are  high;  their  stability  and  blanketing  power  are  ...  very 
low  . . .  ‘Tutogen  E’  differs  considerably,  in  part,  from  the  other 
products.  Its  foam  number  lies  in  the  favorable  zone;  its  stabi 1 1  y 
and  covering  quality  are  really  good.  Unfortunately  its  fluidity 
varies  very  strongly  with  the  concentration,  aging  of  the  foam,  a 

tC THrk^attempt  to  synthesize  a  mathematical  expression  correlating 
.  t  data  and  F-M  values  was  not  successful.  It  was 

laboratory  test  data  and  ^  combination  of  factors 

which  y iel ded "an  Expression  that  might  find  application  in  prediction 
of  fire  test  performance. 
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m=k«AR^l 

FE 

where  M  =  figure  of  merit;  K  =  constant;  H  =  heat  resistance; 
R  =  resistance  to  gasoline;  t  =  blanket  thickness;  F  =  flow  under 
heat  period;  and  E  =  branchpipe  expansion.  The  K  values  for  some 
foams  are  given  and  indicate  tolerable  constancy. 

Compound  Concentration  (%)  K 

1  1.66 

Hydrolyzed  keratin .  3  1.80 

1  184 

Glue-wetting  agent  mixture . 3  1 .44 

1  2.16 

Potash-coconut  oil  soap .  3  1  88 

rr  ,  ,  1  1.60 

Hydrolyzed  blood .  3  j 

The  materials  investigated  were  those  that  had  received  some  at¬ 
tention  in  actual  practice  at  one  time  or  another.  Very  conflicting 
reports  from  the  field  concerning  relative  merits  of  various  com¬ 
pounds  used  in  fighting  fires  necessitated  investigating  a  large  number 
of  materials.  The  descriptions  of  the  materials  are  given  in  sufficient 
detail  to  enable  one  to  reproduce  them  readily.  The  compounds  pre¬ 
pared  may  be  classified  as  follows: 

^es-Ten  per  cent  aqueous  solutions  were  prepared  from  glues  of  jelly 
strength  ranging  from  70  to  200.  J  N 

Hydrolyzed  Proteins 

(a)  Blood-Whole  blood  was  variously  hydrolyzed  as  to  heat  conditions 

NH.cTor  HCI  FeZf  V»U8tiC  SOda’  neutralizi"S  “Bents  being 

U  “  i  ,  ferrOUS  sulfate  was  added  to  some  as  a  foam  stabi 
zer  .Removal  of  the  precipitate  formed  at  pH  of  3  6  was  also  in 
eluded  in  procedure  for  one  preparation  1S°  ^ 

wTthiTaor "hso'ThT111  WM  tr6ated  With  lime  a"d  neutralized 

(e)  Soybean 

sulfuric  acid  neutralization  y  yS'8'  acd  digestion,  and 

;VeVTd '  ra—  'Pure" 

or  glue.  ’  "e  a"d  m  combination  with  hydrolyzed  blood 

WeUin9  Agents  Ten  per  cent  solutions  of  isopropyl  naphthalene  ,-sulfonic 
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acid  and  triethanolamine  lauryl  sulfate.  Sulfonated  isopropylated  mineral 
oil  containing  added  sodium  chloride. 

Soap — Potash  soap  of  a  mixture  of  coconut  fatty  acids. 

Mixtures — Hydrolyzed  blood  and  saponin;  glue  and  saponin;  glue  and  a 
wetting  agent  plus  urea. 


The  first  fire  tests  conducted  by  Clark  cleared  up  considerably 
the  confused  picture  presented  by  the  previously  referred  to  con¬ 
flicting  reports  from  the  held.  The  hydrolyzed  keratin  was  shown 
to  be  vastly  superior  to  the  unstabilized  soap  type;  F-M  ratings  of  43 
and  4.4  were  obtained  respectively.  The  rate  of  consumption  hy  a 
gasoline  fire  was  approximately  10  times  as  great  for  the  soap  foam  as 
for  the  protein  foam.  Consideration  of  other  properties  of  these 


foams  from  a  laboratory  standpoint  revealed  that  although  the  soap 
foam  was  the  more  stable  at  normal  temperature  and  in  presence  of 
gasoline  vapor  it  lacked  the  resistance  to  attack  by  liquid  peti  oleum 
fractions  that  protein  foams  possess.  From  this  it  appeared  that  the 
property  of  resistance  to  contact  with  liquid  hydrocarbons  was  an 
important  factor  in  the  behavior  of  the  foam  in  extinguishing  petro¬ 
leum  fires.  Further  investigation  from  this  standpoint  revealed  that 
saponin  solutions  were  very  stable  in  the  presence  of  gasoline  and 
improvement  was  noted  by  addition  of  glue.  An  adverse  effect  on 
the  expansion  of  the  saponin  solution  was  noted  however.  No  indica¬ 
tion  is  given  as  to  whether  the  increased  stability  would  compensate 
for  the  loss  in  foam  volume,  although  it  seems  unlikely  that  the  rate 
of  foam  consumption  would  have  decreased  to  such  an  extent  as  to 
render  the  mixture  the  more  favorable.  Attempts  to  boost  the  ex¬ 
pansion  factor  of  the  mixture  by  addition  of  wetting  agents  were 
successful;  the  triethanolamine  lauryl  sulfate  was  used  primarily. 
\n  adverse  effect  was  again  noted  as  a  result  of  the  addition  m  the 
form  of  reduced  stability  toward  liquid  hydrocarbons.  1  he  addition 
If  wetting  agents  to  glue  solutions,  however,  in  general  improved 
stability  fn  this  respect.  Soap  destroyed  entirely  the  resistance  of 

of  th<  '  y  •  ■  ,  •  ,  foam  which  resists  liquid 

solutions  capable  of  being  converted  into  foam 
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hydrocarbons  showed  that  this  property  had  some  bearing.  In  general 
those  wetting  agents  that  caused  a  decrease  in  the  superficial  viscosity 
of  saponin  solutions  also  reduced  the  resistance  of  the  foam  1o  liquid 
hydrocarbons.  Addition  of  hydrolyzed  blood  to  saponin  solutions 
increased  the  expansion  factor,  and  in  contrast  to  the  wetting  agents, 
did  not  appreciably  affect  the  superficial  viscosity  nor  resistance  to 
liquid  petroleum  products.  Limited  variations  in  conditions  of  blood 
hydrolysis  showed  no  appreciable  effect.  Superficial  viscosities  vastly 
superior  to  those  of  saponin  solutions  were  created  by  the  simple 
addition  of  certain  salts  to  the  protein  hydrolysates.  Soluble  salts 
of  iron,  zinc,  and  aluminum  were  used  to  demonstrate  this  effect. 


Superficial  Viscosity 
Degrees  of  Torsion 


Solution 


Hydrolyzed  blood,  2% . 

Hydrolyzed  blood,  2%  +  0.1%  ferrous  sulfate.  .  . 
Hydrolyzed  blood,  2%  +  0.1%  aluminum  sulfate 
Hydrolyzed  blood,  2%  +  0.1%  zinc  sulfate . 


0 

335 

306 

345 


Chemical  Foam  Stabilizers 


Section  20.  Chemical  foam  as  indicated  before  (section  1)  is  com¬ 
posed  essentially  of  three  ingredients,  the  acid  and  basic  constituents 
plus  the  foam  stabilizer.  In  the  absence  of  the  stabilizer  the  reaction 
produces  a  slight  froth  which  has  no  utility  in  fire  extinguishing. 
The  stabilizers  are  varied,  being  primarily  colloidal  in  nature  and 
range  from  simple  aqueous  extracts  of  vegetable  matter  to  complex 
synthetic  organics.  Since  1904  when  Laurent1  conducted  fire  tests 
using  saponin  as  a  foam  stabilizer,  a  variety  have  been  used  or  recom¬ 
mended  for  use.  These  lend  themselves  to  a  loose  classification  as 
given  below. 
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carbonate  solution  to  prevent  the  organic  precipitation  that  ordinarily 
would  occur.  In  addition  to  the  probability  of  causing  difficulty  in 
operation  the  pasty  sludge  formation  would  detract  from  the  “tough- 


Figure  53.  Chemical  foam:  soap  stabilizer.  Magnification  X30 


ness”  of  the  foam.  The  quebracho  extract  is  any  commercial  grade  of 

so-called  “reds”  from  tanning  liquors.  29 

The  use  of  licorice  root  extracts  is  first  mentioned  by  Bartels 
in  1914  in  a  patent  concerned  with  a  process  for  extinguishing  res. 
This  is  a  forerunner  of  the  later  established  so-ca  ■ 
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terns  (see  section  4).  One  licorice  root  solution  contained  a  “suitable” 
acid  and  the  other  bicarbonate  of  soda.  These  were  pumped  simul¬ 
taneously  into  a  mixing  pot  provided  at  the  base  of  the  oil  storage 
tank  to  be  protected.  The  solution  lines  may  also  run  into  the  tank 
to  provide  for  mixing  at  the  oil  surface  or  below.  British  patents30’ 31 ' 32 
show  the  use  of  licorice  root  in  conjunction  with  Panama  bark  and 
sulfuric  acid  and  also  alone.  Thomas  et  al ,33  in  1934  used  licorice  root 


extract  as  the  foam  stabilizer  for  a  composition  containing  in  addition 
to  the  regularly  used  aluminum  sulfate  and  sodium  bicarbonate, 
compounds  containing  elements  of  Group  I  of  the  Periodic  Table! 
The  acetates,  formates,  stearates,  lactates,  halides,  chlorates,  and 
nitrates  of  K,  Rb,  and  Cs  conferred  fire  resistance  to  the  foam  in  ad¬ 
dition  to  lowering  the  freezing  point  of  the  solutions.  A  typical  solu¬ 
tion  having  a  freezing  point  of  -22°  is  composed  of  30  per  cent  potas- 
smm  lactate,  8  per  cent  sodium  bicarbonate,  2  per  cent  licorice  root 
and  60  per  cent  water.  The  acid  ingredient  contains  chlorsulfonic  acid’ 
A  patent  granted  to  White34  in  1944  disclosing  the  use  of  ferric 
su  a  e  as  the  acid  constituent  includes  licorice  extract  in  the  formula- 
ion.  Ferric  sulfate  had  been  proposed  previously  but  found  unsuit¬ 
able;  however,  when  subjected  to  controlled  heating  and  grinding 
it  serves  satisfactorily.  It  is  claimed  that  when  used  to  the  extentTn 

•szszszszs  -  -  - 


generally  satisfactoy^'Themi’cal1  |°'bT  m&y  considered 

patent  literature  is  rather  sn^  ™  f  f  ^  h°Wever’  the 
patented36.  Crosby  et  al 36  in  ooi  *  +  1911  glue  and  glucose  were 
use  of  glue,  glucci;ll„:;  ®hlP“r  ,he  dlSaC!Vanta*eS  of  the 
resistant  and  subject  to  deteriorat  ion  on  !  efficiently  fire 

and  other  proteins  which  are  readilv  sol  vT  mg  11\solutlon-  Casein 
solution  are  claimed  to  be  stable  Tho  ^  m  sodlllm  bicarbonate 
produces  rfuminum-jS^^^r^  aIuminu™  sulfate 
In  1942  Urquhart37  ^ate^e^T^rnposU^n^  j  ^.oo^1611”  the  foam. 

Portion  claimed  to  produce  a 
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more  stable  foam  than  had  been  obtainable  up  to  then  utilizing  the 
soybean.  The  stabilizer  is  produced  by  converting  the  protein  to  a 
readily  soluble  form  by  treatment  with  caustic  soda  or  sulfuric  acid. 
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FIGURE  54.  Chemical  foam:  protein  stabiliser;  very  rigid  foam.  Magnification 
X30. 
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Section  23.  Sulfite  Liquor.  The  black  sulfite  liquor  by-product  of 
the  paper  pulp  processing  industry  is  first  mentioned  in  a  1917  patent 
issued  to  Walker38.  The  process  is  described  wherein  wood  is  chipped, 


I‘ic,ure55.  Chemical  foam:  sulfite  liquor  stahili 
nification  X30. 


zer;  very  fluid  foam.  Mag- 


caustic  soda  and  water  added  and  digested  at  120  psi  for  ten  hours 
hod, um  sulfite  may  be  used  instead  of  sodium  hydroxide.  Materials 
extracted  in  this  manner  from  roots  and  wood  of  spruce,  poplar,  fir 
pine,  or  licorice  are  more  effective  stabilizers  than  the  sodium  silicate! 
g  e  01  glucose  in  use  at  that  time.  Biddle39in  1922  claimed  that  exist  - 
g  foam  compositions  were  much  too  expensive  and  that  the  waste 
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products  of  paper  industry  could  be  used  to  displace  the  acid  and 
basic  constituents  in  addition  to  serving  as  stabilizers.  The  acid  liquor 
from  the  sulfite  process  reacts  with  that  from  the  soda  process  to 
yield  a  foam.  Bicarbonate  of  soda  or  limestone,  and  sulfuric  acid, 
vinegar,  or  sour  whey  may  be  added  to  hasten  the  reaction.  Blenio 
in  1924  disclosed  a  composition  having  advantages  of  easy  storage, 
readiness  for  use,  and  “positive  action”  on  oils,  benzene,  naphtha, 
ether,  alcohol,  and  turpentine.  Aluminum  sulfate  is  dissolved  in 
sulfite  liquor  to  increase  acidity  and  viscosity.  Sodium  bicarbonate  is 
used  as  it  is  ordinarily.  Esselen41  in  1925  combined  sulfite  waste  liquor 
with  alkali  soaps  of  rosin.  The  formula  for  the  composition  includes 
aluminum  sulfate  and  sodium  bicarbonate.  A  (  anadian  patent  in  1926 
granted  to  Ferguson  et  al* 2  recommends  the  addition  of  wood  floui 
to  improve  sulfite  liquor. 


Section  24.  Fatty  Acids.  The  first  use  of  fatty  acids  as  foam 
stabilizers  was  indicated  in  a  French  patent43  in  1905  m  which 
ammonium  acetate  was  used  in  the  presence  of  glycerol.  Aluminum 
oleate44  was  mentioned  in  1929  by  Blenio,  and  metallic  acetates  or 
lactates45  in  1931  by  Fairley.  Aluminum,  calcium,  iron  lead  potas¬ 
sium,  magnesium,  sodium,  or  titantium  salts  are  specified  m  the  latter 
patent  Neutral  ferrous  acetate,  as  made  from  iron  scraps  and  pyro¬ 
ligneous  acid,  is  used  in  the  bicarbonate  solution  The  first  indication 
of  the  specific  role  fatty  acids  would  play  in  the  fire-foam  held  cam 
with  a  patent  issued  to  Boyd46  in  1942.  It  was  noted  here  that  he 

commercial  products,  licorice  root  extracts  sapomn  caustic  digested 
peanut  shells,  in  use  at  that  time,  produced  foams  *at  ^reread  y 
attacked  by  alcohols  and  similar  polar  solvents  Sodium  soaps  ol 
tallow  fatty  acids  are  caused  to  react  with  potassium  permanganate 

£=kr.s=r- -SHSE 

",  2  TtSi  “5  —  £2, S., 

*• 1 .1 .  m*  -«  ms* 

using  a  stabilizer  compos  carbon  atoms.  Re- 

ststence  to'destmction  £  it  claimed  also  for  foam  composi- 
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tions  containing  stabilizers  of  this  description.  The  alcohol -stable 
foam  compositions  disclosed  to  this  date  could  be  used  only  in  the 
dry  form  for  introduction  directly  into  the  water  line.  Perri50  in  1952 
disclosed  compositions  which  could  be  stored  in  solution  form  and 
were  compatible  with  the  sodium  bicarbonate  and  aluminum  sulfate 
ordinarily  used  in  the  portable  extinguishers.  Ordinarily  soluble  soaps 
are  salted  out  in  sodium  bicarbonate  solutions  of  the  concentration 
required  for  charging  the  extinguishers.  The  resulting  gel  would 


render  operation  of  the  extinguisher  ineffectual.  Sequestering  or  dis- 

Z'Z?  Ik?'8  !r  S°dlUm  hexametaphosphate,  and  the  tetrasodium 
salt  of  ethylene  diamine  tetraacetic  acid  were  used  to  keep  the  bicar 

<1Uick  acti"S 

of  fires  in“UX8 

-tern;  ketones;  and  ethem" t  19« G^Ter 
pSilylv"  water  TndT’  T  f°aming  ^  e°*' 

composition  in  nlacp  nf  k  ,  p  cent  01  the  foam 

Place  of  the  5  per  cent  usually  required  for  licorice 
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root,  oak  bark  extract,  or  butyl  naphthalene  sulfonate.  Alkoxy  ace¬ 
tates  of  formula  ROR'COOMe  are  claimed,  where  R  is  an  alkyl, 
aryl,  or  alkaryl  radical,  R'  is  aliphatic  divalent  radical,  and  Me  is 
an  alkali  metal. 


Section  25.  Sulfates  or  Sulfonates.  In  1923  a  patent  was  granted 
to  Kent  covering  the  use  of  sulfonated  mineral  oil  sludge  as  a  chemi¬ 
cal  foam  stabilizer.  Burgess  proposed  in  1926:>4  a  procedure  for  de¬ 
veloping  this  stabilizer  to  its  optimum  by  controlled  aging.  A  British 
patent55  in  1927  covered  the  sulfonic  acid  derivatives  of  aldehyde- 
phenol  condensation  products,  alkylated  napthalene  sulfonic  acids, 
and  sulfonated  higher  fatty  acids.  Chlorinated  sulfonic  acids  were 
used  in  conjunction  with  calcium  chloride  solutions  to  obtain  reaction 
at  low  temperatures  displacing  the  aluminum  sulfate  used  ordinarily 
for  carbon  dioxide  liberation.  A  French  patent56  in  1930  covered  the 
use  of  propyl  or  butyl  naphthalene  sulfonic  acid  and  sulfonated  castor 
oil.  Thomas  et  al.b7' 58  in  1930  devised  procedures  for  operation  of  fire 
extinguishers  at  — 40°F ;  sodium  bicarbonate  and  halogenated  sulfonic 
acids  were  used.  Also  patented  were  sodium  butyl  naphthalene  sul¬ 
fonate59  in  1931,  alkyl  aryl  sulfonic  acids60  as  well  as  sulfates  of  fatty 
alcohols61  in  1933,  and  water-soluble  leuco  compounds  of  triaryl- 
methane  dyes  containing  sulfo  groups62  in  1929.  A  patent  granted  to 
Wright63  discloses  the  use,  as  a  foam  stabilizer,  of  sodium  octyl  sulfite 
and  a  buffer  material  which  is  present  in  an  amount  of  about  1  to 
1.5  per  cent  of  that  of  the  salt  portion  of  the  charge  and  which  may 
be  a  phosphate,  acetate,  or  borate  of  sodium,  potassium,  or  aluminum. 
In  1939,  Holter  et  al.M  described  a  procedure  for  preparation  of  a 
stabilizer  made  by  sulfonating  a  mixture  of  petroleum  hydrocarbon 
oil  and  commercial  benzol.  Benzol  used  at  a  minimum  of  17  per  cent 
in  the  mixture  gives  a  more  fluid  reaction  product.  The  mixture  as 
neutralized  with  caustic  soda  is  used  at  0.1  to  1  per  cent  concentration 
based  upon  total  foam  solutions.  A  water-dispersible  colloid  as  gelatin 
is  used  in  addition  to  the  extent  of  0.5  to  2  per  cent  of  the  alkali 
sulfonate  mixture.  Goodner65  in  1941  disclosed  the  use  of  an  alkyl 
naphthalene  sulfonate  (Aerosol  O  S)  in  conjunction  with  an  alkaline 
earth  metal  carbonate  for  the  preparation  of  the  single  powder  type 

foam  composition  (see  section  3).  ““  ^CacT 
thetie  thought  to  have  the  formula  Mg,(OH)2(GOs)3  •  311,0  •  CaCO, . 
In  addition  to  favoring  rapid  initiation  of  reaction,  it  acts  as  an 
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anticaking  agent  and  further  it  is  claimed  reacts  to  increase  the  heat 
resistance  of  the  foam.  The  last  claim  is  unsupported. 

Variations  in  the  nature  of  the  acid  constituent  comprising  the 
foam-forming  compositions  have  already  been  noted,  in  particular 
halogenated  sulfonic  acids  being  recommended  for  use  at  low  tem¬ 
peratures.  In  1922  Ferguson  et  al.b 6  undertook  what  they  describe  as 
an  intensive  investigation  of  the  components  of  the  chemical  foam 
charge.  In  their  efforts  “to  decrease  the  surface  tension  of  the  liquid 
and  increase  the  surface  tension  of  the  foam”  they  found  that  glue, 
saponin,  and  licorice  extract  gave  the  best  results.  Each,  however, 
has  its  defects  as  a  stabilizer  when  tested  with  aluminum  sulfate  and 
sodium  bicarbonate.  The  glue  produced  a  dry  foam  of  low  volume,  the 
licorice,  large  volume  and  bubble  size,  and  the  saponin  foam  had 
“much  greater  surface  tension  than  either.”  Combination  of  these 
stabilizers  in  the  proportions  36.3  glue,  45.4  licorice,  and  18.3  saponin 
in  the  form  of  10  per  cent  solutions  of  each  resulted  in  formation  of  a 
foam  having  the  most  desirable  attributes  of  each  stabilizer.  The  use 
of  aluminum  sulfate  alone  was  found  deficient  in  that  a  continuous 
film  of  hydrated  aluminum  oxide  could  not  be  achieved  in  the  foam. 
Ferric  chloride^was  recommended  to  produce  the  desired  effect.  A 
British  patent6'  likewise  covers  the  use  of  ferric  chloride.  Phosphoric 
acid  was  disclosed68  as  an  alternative  for  aluminum  sulfate  as  the 
add  ingredient,  and  tartaric,  citric,  and  oxalic  acids  were  recom- 
mended  .  The  White  patent  previously  described  indicates  the  use 
o  erric  sulfate  in  single  powder  chemical  foam  compositions. 


f.  S,ect‘°"  26-  Exl™ls  of  Various  Plants.  In  1921  Corson™  claimed 
that  phlobaphenes  from  waste  tanning  liquors  surpassed  glue  and 

W “er;,  °ak  bark  "  »  tnctitioned 
*  5  aid  1927  Patents.  The  latter,  issued  to  Dunlan  ft  nl 
condemns  the  fire  protection  systems  based  upon  storage  of  solutions 
of  the  reactive  chemicals  in  bulk  and  covers  improved  „  for 

Tliat^ompositions  hfuse  t^en  werelbject  to  dele"  'T  gene,'at0rS- 
further  safeguard  against  deterioration  ^  patont 
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was  granted  to  Berghausen7,1  covering  a  stabilizer  formed  from  ex¬ 
tracts  of  plants  of  the  family  Leguminosae  of  which  alfalfa  and  clover 
are  best.  Extractions  may  be  carried  out  with  acid,  neutral,  or  alkaline 
liquids.  Peanut  shells  and  husks  generally  were  treated  by  Urquhart'4 
in  a  10  per  cent  alkali  solution  under  pressure.  The  soluble  materials 
extracted  were  dried  and  found  to  be  particularly  suited  to  use  in 
foam  powders  for  single-line  generators.  Tannin-free  chestnut  and 
oak  bark'1  and  vegetable  roots  in  general,  beets,  turnips76  and  the 
like  were  patented. 


Section  27.  Miscellaneous.  Schmidt"  in  1929  worked  on  a  process 
for  improving  the  storage  characteristics  of  single  foam  powder.  Pre¬ 
vious  attempts  to  keep  the  powder  dry  by  adding  hygroscopic  mate¬ 
rials  were  unsuccessful.  He  dried  a  mixture  of  aluminum  sulfate, 
sodium  bicarbonate,  and  saponin  at  60°C,  then  mixed  it  with  pumice, 
ground  stone,  or  sand.  There  was  no  appreciable  conversion  of  the 
bicarbonate  at  60°C.  Alkaline  earth  carbonates  as  additives  were 
patented  by  Goodner65  (see  section  25)  to  render  the  drying  ingredients 
permanently  free  flowing.  Such  materials  as  talc,  flour,  and  C  hina 
clay78,  79  can  also  be  used  to  improve  flow  characteristics  of  the 
powders.  In  1933  Beythein80  recognized  that  single-powder  foam  com¬ 
positions  were  susceptible  to  caking  on  storage  and  that  precaution  of 
heating  slowly  is  a  costly  process.  Instead  of  three  powders  his  com¬ 
position  contains  only  bicarbonate  of  soda  and  the  stabilizer.  The 
carbon  dioxide  is  liberated  by  using  water  at  a  minimum  temperature 
of  80°C  This  was  recommended  particularly  for  use  aboard  ship  where 
hot  water  would  be  available  from  the  ship’s  boilers.  Further  ,  in  the 
manufacture  of  solid  mixtures  for  producing  foam,  the  commercial 
air-dry  components  are  oven  dried,  before  mixing,  at  a  temperature 
about  5°  above  that  at  which  the  mixture  is  to  be  stored  to  reduce 
the  tendency  to  cake.  A  German  patent  “  m  1933  uses  anhydrous 
sodium  carbonate,  aluminum  sulfate,  and  foam  stabilizer.  Anhydrous 
sodium  acid  sulfate  may  replace  aluminum  sulfate  in  part. 

A  German  patent83  proposes  the  addition  of  rare  earth  metal  oxides 
or  salts  as  catalysts  plus  urea  or  guanidine  to  improve  adhesion  of 

f°TslLSl7Ss^ranted  to  McCracken  in  1930  are  of  interest 
primarily  from  the  standpoint  of  foam-producing  devices.  One  appara 
In"  described  for  attachment  to  a  water  line  which  in  essence  splits 
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the  stream  into  two  and  provides  for  a  continuous  flow  of  foam 
powder  falling  onto  the  water  stream.  This  idea  had  not  been  adopted 
for  hand  extinguishers  generally.  Another  device  was  designed  to 
displace  the  40  gal  foam  engine  for  the  reason  that  the  foam  volume 
maximum  for  the  latter  was  only  100  gal  at  that  time.  The  unit  pro¬ 
vides  for  mixing  two  reactive  powders  in  separate  hoppers,  “cream¬ 
ing”  same  with  water  and  introducing  into  water  line,  meantime 
charging  two  other  hoppers  with  powder  to  achieve  continuous  foam 
flow  by  alternating  hopper  use.  The  resulting  two  solutions  are  mixed 
at  the  site  of  the  fire.  In  another  device  provision  is  made  for  spraying 
powder  onto  sheets  of  water  to  obtain  rapid  solution  of  the  individual 
components  of  the  foam  charge. 

In  1943  Urquhart85  patented  another  device  which  allowed  for 
introduction  of  a  single  chemical  powder  containing  all  of  the  foam¬ 
making  ingredients  directly  into  a  water  line  leading  to  the  storage 
tank  to  be  protected.  This  type  of  equipment  gained  wide  acceptance. 


Mechanical  Foam  Stabilizers 

Section  28.  Although  not  directly  concerned  with  producing  a 
foam  for  fire-extinguishmg  purposes,  Jennings’86  patent  in  1922  dis¬ 
posed  principles  which  had  much  influence  on  the  development  of 
mechanical  foams  currently  in  use.  Basically  glue,  glycerol,  and  a 
preservative  in  aqueous  solution  were  used  in  conjunction  with  salts 
of  metals  as  iron,  nickel,  or  cobalt  in  their  reduced  states  of  valence 
Oxidation  occurring  on  mixing  with  air  in  the  formation  of  foam 
Hipposedly  caused  deposition  of  precipitates  which  further  stabilized 
the  foam.  This  type  foam  was  recommended  for  use  in  prevention  of 
evaporation  of  volatile  liquids  contained  in  bulk  storage.  In  the  same 
.'ear  improved  formulation  was  disclosed  by  Jennings-  it  had  the 
w™ »»,.  m  .„d  .„„u, twing 

jle.1  X.S.M  X Xi  i 

they  represent  one  of  the  first  studies^f  th  interest  since 

ing  material  which  on  admixture  with  air  wouldTuimiT!  ^  &  f°am‘ 
ceived  specifications  and  functions.  Jennings  again 
Posed  improved  formulas  containing  lesser 
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other  than  the  “albuminoid  type,”  as  casein,  were  used  to  confer 
“body”  to  the  foam.  Cornstarch  5-15  per  cent,  glycerol  5-30  per 
cent,  alkyl  sulfonates,  and  ferrous  sulfate  also  were  included  with 
about  8  per  cent  water.  The  resemblance  in  composition  to  “marsh¬ 
mallow”  is  of  interest. 

The  Weidner  patent  '1  in  1924  is  also  of  importance  as  a  precursor  to 
development  of  the  protein  type  mechanical  foam  liquids.  It  claims 
procedures  for  producing  soluble  surface-active  materials  from  pro¬ 
teins.  Neutralization  of  proteins  subjected  to  limited  alkaline  hy¬ 
drolysis  by  means  of  mineral  acids  results  in  the  undesirable  formation 
of  an  insoluble  material.  Weidner  used  fatty  acids  instead  of  mineral 
acids  to  overcome  this  deficiency. 

Schnabel92  in  1928  described  a  system  for  extinguishing  bulk  oil 
fires  by  use  of  a  mechanical  foam  containing  carbon  dioxide.  A  closed 
tank  was  filled  with  an  aqueous  solution  of  a  foaming  agent  as  saponin 
and  pressurized  with  carbon  dioxide.  On  release  of  the  pressure  the 
resulting  foam  was  piped  to  the  fire. 

In  1928,  Sthamer93  obtained  a  patent  on  a  composition  which 
claimed  an  economic  advantage  over  the  use  of  saponin  alone  without 
causing  any  decrease  in  foaming  properties.  It  had  been  the  practice 
to  add  dextrin  or  cane  sugar  as  diluents,  bthamer  asserted  that  the 
foam  resulting  from  such  mixtures  was  inferior.  Replacement  of  these 
by  milk  sugar  not  only  reduces  cost  but  improves  the  lasting  qualities 
of  the  foam  over  that  of  pure  saponin,  Further,  dextrin  or  cane  sugar 
could  be  used  only  to  the  extent  of  30  to  40  per  cent,  whereas  a  83: 17 
mixture  of  milk  sugar  and  saponin  produced  a  foam  which  is  as  good 
as  that  of  pure  saponin.  The  ratio  recommended  for  fire-extmguishmg 
purposes  was  75  to  25.  Dachlauer  et  al  in  1929‘  produced  a  frothing 
agent  from  halogenated  carbonyl  compounds  and  phenols.  A  typical 

reaction  is: 

CH2C1CHC10C2H5  +  3C6H6OH  -> 

c6h4oh 

HOC«H4CH2CH  +  2HC1  +  C2H5OH 

\ 

c6h4oh 


Treichel95  in  1934  demonstrated  the  use  of  the  licence _root  extra* 
(see  section  21)  in  the  preparation  of  an  air  foam  l.qu d .Claim  ■** 
made  for  economy  in  production  and  reduced  bulk  of  the  liquid 
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addition  to  foam  of  improved  quality.  The  licorice  root  extract  was 
mixed  with  hydroxides  of  calcium,  barium,  or  strontium  in  ratio  of 
3:1.  Regulation  of  the  consistency  of  the  mixture,  a  factor  of  im¬ 
portance  in  cases  where  it  must  be  proportioned  mechanically  into 
water,  was  obtained  by  altering  the  aforementioned  ratio.  A  4  per 
cent  mixture  with  water  was  aerated  into  foam,  then  pumped  by  a 
three  stage  gear  pump  into  the  water  stream. 

Gross  et  al.9b  in  1937  claimed  stable  and  efficient  fire  foams  by  adding 
materials  of  formula 


where  Ri  =  H  or  alkyl;  R2  =  H  or  alkyl,  aryl,  alkaryl;  and  n  >  3  to 
solutions  having  high  wetting  and  foaming  powers  as  sulfonated 
vegetable  oils  or  alkyl  aryl  sulfonates.  Further  added  were  “cello- 
solves,  ^urea,  thiourea,  alkylated  cellulose,  or  degraded  albumoses. 

Hood  in  1935  patented  a  method  of  producing  fire-foam  which 
involved  the  use  of  a  mixture  of  equal  parts  of  sulfite  cellulose  liquor, 
chlorides  of  calcium  and  magnesium,  and  glycerine  foots.  The  latter 
are  obtained  as  a  residue  in  the  commercial  purification  of  glycerol 
from  a  soap  manufacture  by-product.  The  cellulose  liquor-glycerine 
foots  mixture  can  be  prepared  separately  for  addition  to  the  salt 
solution  when  and  where  needed.  This  is  one  of  the  first  attempts  to 
achieve  a  preparation  that  can  be  used  below  32°F.  The  recommended 
method  for  use  was  to  provide  for  dispersal  of  air  into  the  container 

.  Ueb>'  makl"?  foam  "'hlch  is  forced  out  of  discharge  outlets  A 
heavy  foam  which  lasts  for  days  is  claimed. 

In  1939,  Timpson98  disclosed  the  use  of  potassium  or  ammonium 

ZLTtlw^TheT8  0i'\SUCh  “  »«•  having  an  ZZ 

css upon 

Quinoline  and  isoquinoline  may  be  substituted  1  *•  i  ”1^'- 

straight-chain  hydrocarbon «  , J  •  •  '  1  for  pyridine  and 

for  the  lauryl.  Numerous  examn^”11118  ess  than  8  carbon  atoms 

part  all  related  types  It  is  claimed  tiT  WhlCh  C0Ver  for  the  most 

"  steel  ^uHaces\0am  ”  “ 

939  Sthamer  contended  that  in  spite  of  their  advantages  from 
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the  standpoint  of  application,  existing  mechanical  foams  were  de¬ 
ficient  in  covering  quality  (see  section  17)  and  lacked  adhesion  as 
compared  to  chemical  foam.  His  patent  covers  the  use  of  solubilized 


o./» 


i  V«r 


**  ’%  .  ' 


«|  »»  *' 

'"m 


41 


*w 


,Vi4, 


\ 


A* 


*jr 

•  r 


c 


««*** 


fW 

w  v 


-  Ml 


W5 


***c 

■***  ■■  +  ' 


-LV 


,**** 


.  v  ..  ,  ;  -• 

*  rr"  V 

_  .  L  ** 

»  «  O  ,  '  „  *  .  ** 

•■■'•a#  .  r  *  »> 


*  4 


I  I 


.S***’'" 


4, 


^  ^  ’ 


X.*  4 


ki 


Fiourk  57.  Mechanical  foam:  protein  type;  8  per  cent  stabilizer.  Magnifies 
t,ion  X30. 


animal  or  vegetable  proteins  in  conjunction  with  salts  of  metals  of 
variable  valency  and  states  that  this  differs  from  the  Jennings  patent 
in  that  the  latter  used  colloidal  glue  and  not  truly  soluble  d^ociated 


in  that  tne  laixei  useu  i  «  .  ,  .  .  ,  i  t  j  +u.,f 

proteins.  In  the  case  where  ferrous  iron  is  used  it  is  Pos*^ted  f 
oxidation  occurs  producing  a  ferric-protein  precipitate  which  se,  . 


as  a  solid  skeleton  for  the  foam. 
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The  use  of  protein  materials  was  also  disclosed  in  1939""  by  Daimler 
et  al.  This  was  recommended,  however,  in  conjunction  with  synthetic 
wetting  agents,  which  acted  as  primary  foam  formers  while  the  pro¬ 


cation  X30  Mechanical  foam:  Protein  type;  4  per  cent  stabilizer.  Magni 


^  -  Pro¬ 

composition  claimed  a  minimum  of  n  r  *  l achieved.  The 
cent  of  albumen  Z IZ 2°  ^ 

ture  of  water  and  a  hydrophilic  solvent  Tho  ++•  ^  CGnt  °f  a  miX' 
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alcohols.  No  protein  other  than  albumen  is  mentioned.  Alcohols, 
glycols,  and  esters  soluble  in  water  compose  the  group  of  hydrophilic 
materials. 

Daimler  et  al.n)~  proposed  in  the  year  1939  the  use  of  highly  con¬ 
centrated  synthetic  wetting  agent  solutions.  The  increased  solubility 
of  the  wetting  agent,  such  as  sodium  butyl  naphthalene  sulfonate, 
was  effected  by  the  use  of  co-solvents  themselves  readily  miscible 
with  water.  Alcohols,  glycols,  esters,  or  combinations  of  such  served 
in  this  capacity.  It  was  claimed  that  foam  formed  from  this  concen¬ 
trate  possessed  stability  of  a  much  greater  degree  than  that  made 
from  aqueous  solutions  of  wetting  agents.  The  claims  are  made  for  a 
process  for  making  fire-extinguishing  foam. 

Timpson103  in  1940  recognized  the  necessity  of  ready  solubility 
and  ease  of  dispersability  as  important  properties  of  a  mechanical 
foam  liquid  that  would  ease  foam  formation  in  fire-fighting  prac¬ 
tice.  Soluble  phosphated  salts  of  fatty  alcohols  or  fatty  acid  glycer¬ 
ides  in  the  form  of  a  12  per  cent  aqueous  solution  comprised  the 
foam  liquid  concentrate.  When  this  concentrate  was  used  with  16 
parts  of  water  the  foam  was  particularly  resistant  to  hot  vapors. 
The  best  agents  are  said  to  be  the  phosphated  inorganic  sulfonates 
of  fatty  alcohols  such  as  lauryl,  stearyl,  or  their  mixtures. 

In  1940  Timpson104  patented  a  method  of  making  fire-extinguishing 
foam  based  upon  the  use  of  an  aqueous  solution  of  alkanol  amine 
soaps.  The  best  foam  for  extinguishing  oil  fires  is  obtained  by  using 
saturated  fatty  acids  having  between  5  and  20  carbon  atoms.  For 
commercial  preparations  coconut  or  palm  kernel  oils  were  considered 
particularly  satisfactory.  Equimolecular  quantities  of  the  alkanol 
amine  may  be  used;  however,  slight  excesses  are  recommended  to 
provide  for  free  flowing  at  low  temperatures.  Glycols  may  also  be 
added  for  antifreeze  performance.  This  patent  which  covers  both  the 
product  and  method  for  making  the  foam  claims  that  up  to  1,400  gal 
of  foam  are  produced  from  1  gal  of  foam  liquid.  A  3  per  cent  solution 

was  recommended  for  use  commercially. 

Freidrich105  in  1940  patented  foam-forming  compounds  having 
higher  stability  and  resistance  to  heat.  He  recommended  these  for 
use  on  fires  involving  alcohols  and  aromaUc  hydrocarbons  in 
addition  to  regular  petroleum  products.  The  compounded  mixtu 
according  to  this  invention  consists  of  solubilized  proteins  in  aque¬ 
ous  solution  containing  aluminum  salts.  Aluminum  acetate  formed 
in  situ,  aluminum  lactate,  or  aluminates  may  e  u 
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tein  (keratin  is  mentioned)  is  solubilized  by  heating  in  a  suspension 
of  lime.  Aluminum  salts  generally  confer  increased  viscosity  and  sta¬ 
bility  to  protein  foams;  however,  in  practice  they  have  not  been 
found  effective  in  rendering  the  foam  bubble  more  resistant  to  the 
destructive  action  of  alcohols. 

In  1941  Daimler106  stated  that  the  mechanical  foams  made  thus 
far  cannot  be  used  for  extinguishing  fires  involving  alcohol,  acetone, 
and  other  low  molecular  weight  polar  solvents.  Recommended  as 
suitable  is  a  mixture  comprised  of  (a)  complex  ammonia  salts  of  copper 
or  zinc,  (b)  salts  of  fatty  acids  having  7  to  11  carbon  atoms,  and  (c) 
protective  colloids  as  gelatin,  glue,  or  degraded  albumen,  and  water- 
soluble  derivatives  of  pectin,  algin,  lignin,  sulfolignin,  humic  acid, 
sugars,  and  molasses.  The  protective  colloids  are  mixed  with  the 


fatty  acids  and  an  excess  of  ammonia;  then  an  aqueous  solution  of 
the  metal  salt  is  added.  The  special  alcohol  resistance  of  this  foam  is 
not  achieved  in  the  instant  of  foam  formation.  At  least  one-half  min. 
is  required  for  the  foam  to  develop  its  alcohol  resistance  and  it  is 


i ecommended  that  the  foam  be  allowed  to  flow  through  a  pipe  to  ripen. 

In  1942  Urquhart107  obtained  a  patent  on  a  process  for  producing  a 
stable  fire-extinguishing  foam  for  petroleum  fires  from  soybean  protein 
hydiolysate.  It  is  claimed  to  have  achieved  cohesive  and  adhesive 
properties  not  obtainable  by  other  means,  the  foam  blanket  being 
unusually  rigid.  Various  means  of  hydrolysis  are  given  for  preparation 
of  stabilizers  to  be  used  in  chemical  or  mechanical  foam  The  hv- 
drolytic  treatments  described  involve  the  use  of  sodium  hydroxide 

sulfuric  acid,  potassium  permanganate,  nitrous  acid,  and  oleic  acid 
in  aqueous  medium. 

Ratzer108  in  1943  proposed  a  scheme  for  the  hydrolysis  of  protein 
matenals  for  manufacture  of  mechanical  foam  liquids.  Animal  pro- 
.e‘"S:  P™clP_al|y  keratins,  albumens,  globulins  derived  from  horns 
s,  air  feathers,  blood,  and  vegetable  proteins  from  soybean 
eal,  pea  flour  and  maize  meal  were  mentioned.  The  hydrolysis  is 

eTof  Te  reraWy  With  Mme  t0  SUd'  a"  that  25  to  50  p 

thrame  *■*■**« 

P  lous  patent  .  1  he  claims,  however,  are  directed 
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at  covering  methods  “of  producing  fire-extinguishing  foam  by  the 
manner  of  incorporation  of  a  gas  into  a  stream  of  water  having  dis¬ 
solved  therein  hydrolysis  products  of  protein”  obtained  as  described 
above. 

Bagley  et  alm  in  1944  claim  that  all  foams  to  date  have  been 
unsatisfactory  from  foam  volume  and  stability  standpoints.  Their 
invention  is  productive  of  a  foam  which  is  “thick  and  copious  and 
long  lasting.”  The  hydrolysis  products  of  proteins  are  used.  Glue  is 
hydrolyzed  by  heating  in  a  5  to  10  per  cent  solution  of  sodium  nitrate. 
The  resulting  solution  can  be  concentrated  without  the  formation  of 
a  precipitate.  The  nitrate  improves  the  performance  in  cold  weather 
and  in  sea  water,  and  reduces  corrosion  and  mold  or  bacterial  growth. 
Synthetic  organic  wetting  agents  as  alkylaryl  sulfonates  or  sulfonated 
alcohol  are  added  to  provide  an  abundance  of  foam,  the  protein  acting 
as  stabilizer. 

Tresise  et  al.  111  indicated  in  1945  that  the  most  successful  type  of 
mechanical  foam  liquid  up  to  that  time  was  that  due  to  Ratzer108. 
The  main  objection  was  that  sediment  formation  was  likely  when  the 


hydrolyzate  containing  calcium  ions  was  neutralized  with  sulfuric 
acid.  This  invention  proposes  to  remedy  the  situation  by  using  hy¬ 
drochloric  in  place  of  sulfuric  acid.  Advantages  are  claimed  in  the 
maintenance  of  the  final  pH  between  6.5  and  7.0  when  iron  salts 
are  added;  below  this  range  the  foam  is  supposedly  less  stable  to 
gasoline  vapors. 

In  1946  Levin112  claimed  that  processes  patented  thus  far  for  the 


hydrolysis  of  protein  materials  were  of  limited  utility.  The  treatment 
of  soybean  meal10'  with  caustic  soda  or  acid  resulted  in  a  weak  foam 
that  had  to  be  stabilized  by  addition  of  inorganic  salts;  the  lime 
treatment108  to  obtain  50  to  60  per  cent  peptone  was  too  degenerative 
of  the  protein  to  permit  stable  foam  formation.  Gum  formation  on 
hydrolyzing  with  lime  also  led  to  difficulty  in  handling  during  proces¬ 
sing.  Cottonseed  and  peanut  cake  were  found  to  be  the  only  ones 
suitable  for  the  formation  of  the  desired  proteoses,  according  to  this 
invention,  by  lime  hydrolysis.  It  is  important  to  degrade  to  the  extent 

that  not  more  than  20  per  cent  peptones  are  formed. 

In  1946  Urquhart113  proposed  the  addition  of  glycols  and  glycol 
ethers  to  the  soybean  composition  described  in  the  earlier  patent 
for  the  purpose  of  increasing  foam  volume  and  stability  and  obtammg 
liquids  more  readily  dispersible  in  water  and  more  fluid  at  Ioa  e 
temperatures.  Complete  details  are  given  for  the  lime  hydioly.sib  o 
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the  soybean  protein  and  its  subsequent  acid  treatment.  The  glycols 
were  added  to  the  extent  of  15  per  cent  by  volume  to  the  concentrated 
hydrolysate.  The  25  to  30  per  cent  concentrate  was  recommended  for 
use  in  a  3  to  9  per  cent  mixture  with  water. 

Keil  et  al.u 4  in  1947  found  that  a  solution  of  a  completely  hy¬ 
drolyzed  protein  used  in  conjunction  with  metallic  salts  gives  a  foam 
good  in  all  respects  but  flow  characteristics.  A  mild  hydrolysis  does 
not  provide  as  satisfactory  a  foam  and  the  addition  of  metal  salts 
renders  it  too  rigid.  The  invention  revealed  is  concerned  with  a  mild 
hydrolysis  and  subsequent  removal  of  the  “foam  inhibitive”  portion 
of  the  protein  hydrolyzate.  Histones,  protamines,  globins,  globulins, 
albumens,  keratins,  prolamines,  gluten,  casein,  and  mucin  as  found 
in  blood,  horn  and  hoof  meal,  hide,  and  hair  are  most  suitable.  Enzyme 
hydrolysis  also  is  mentioned,  pancreatin  or  papain  being  used  at  40°C. 
and  pH  of  5  to  8. 


It  is  postulated  that  the  high  molecular  weight  fractions  are  re¬ 
moved  by  pH  adjustment  to  4.5-4.8.  This  apparently  applies  to  blood 
but  not  to  proteins  in  general  in  view  of  work  of  Perri  and  Hazel115. 

In  1949  Perri116  claimed  that  the  utility  of  mechanical  foam  liquids 
is  greatly  increased  it  means  are  established  to  produce  a  foam  liquid 
of  controlled  viscosity.  This  invention  produced  a  liquid  the  viscosity 
of  which  is  inappreciably  affected  by  the  temperature.  The  advantages 
are  obvious  since  at  this  time  most  devices  depended  upon  propor¬ 
tioning  of  liquid  through  standard  orifices.  Primarily  urea  addition 
served  to  render  the  viscosity  substantially  independent  of  the  tem¬ 
perature.  Further,  the  urea  tends  to  render  soluble  inorganic  salts 
feme  iron  in  particular,  and  to  keep  such  in  solution  permanently! 

e  composition  contained  hydrolyzed  soybean  protein,  glycol  ethers 
alcohols,  ferric  chloride,  and  urea. 

In  1949  Ratzer117  obtained  a  patent  on  a  composition  so  designed 
as  to  prevent  the  formation  of  a  precipitate  or  scum  on  aging  of  a 

attributed^  TCentrate  containi"g  added  iron  salts.  He 

attnbuted  scum  formation  to  a  reaction  akin  to  that  which  occurs 

iron'  salts  7"  *"l  Pr°tein  'vhe11  the  fo:lrn  >s  made.  Addition  of  the 
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Hie  foaming  agents  are  of  the  type  N-acyl-N-alkyl  taurines  and  their 
alkali  salts,  where  the  acyl  and  alkyl  radicals  have  more  than  7  carbon 
atoms.  The  foam  stabilizer  is  a  copolymer  of  vinyl  alkyl  ether  and 
maleic  anhydride.  A  concentrate  may  be  prepared  containing  20  per 
cent  of  the  two  reagents  and  used  at  1  per  cent  concentration.  In  the 
same  year,  Busse  et  al.n 9  stated  that  protein  foams  are  not  sufficiently 
stable  toward  heat  and  as  a  consequence  great  quantities  must  be 
used  in  extinguishing  fires.  Carboxylmethyl  cellulose  was  used  as  the 
foam  stabilizer  in  the  form  of  its  sodium,  potassium,  or  ammonium 
salts  and  a  wetting  agent  as  sodium  lauryl  sulfate  was  the  foam  pro¬ 
ducer.  A  foam  formed  from  an  aqueous  solution  containing  0.5  per 
cent  of  the  former  and  1  per  cent  of  the  latter  was  claimed  to  excel  in 
fluidity  (see  section  13),  covering  quality  (see  section  17),  impervious¬ 
ness  to  vapors,  and  heat  resistance.  The  fire  test  data  on  the  effective¬ 
ness  of  this  composition  appears  to  present  glaring  inconsistencies 
when  viewed  in  the  light  of  present-day  practices.  A  gasoline  fire 
covering  an  area  of  475  sq  ft  and  involving  100  gal  of  gasoline  (ap¬ 
proximately  }  3-in.  depth)  was  extinguished  when  foam  was  applied 
at  the  rate  of  200  gpm  of  solution  through  a  foam  nozzle  after  a  10-sec 
preburn.  When  a  commercial  protein  foam  was  applied  to  a  second 
fire  under  the  same  conditions,  the  fire  was  not  extinguished,  it  was 
claimed.  The  rate  of  solution  application  calculates  to  be  42.1  gpm/ 100 
sq  ft  of  burning  area.  The  fire  test  described  in  the  IT.  S.  Government 
Specifications  JAN-C-266  for  protein-type  foam  liquids  specifies  that 
the  rate  of  application  be  6  gpm  for  a  100-sq-ft  gasoline  fire.  The 
protein  materials  meeting  these  specifications  encounter  no  difficulty 
in  extinguishing  the  fire  in  a  rapid  manner  in  spite  of  the  fact  that  the 
rate  of  application  is  about  one-seventh  of  that  described  in  the  Busse 

patent. 

Swift120  in  1950  claimed  that  the  use  of  sulfuric  acid  in  the  neutrali¬ 
zation  of  protein  hydrolyzates  gave  rise  to  many  complications.  In 
addition  to  the  hazards  encountered  in  its  handling,  sulfuric  acid 
causes  precipitation  of  metaprotein  which  is  difficult  to  redissolve. 
Water-soluble  salts  which  react  with  calcium  ions  were  used  to  neu¬ 
tralize  a  lime  hydrolyzate  of  zein.  The  bicarbonate  is  preferred  since 
no  extraneous  ions  remain  in  the  solution,  although  oxalate,  sulfate, 
or  tartrate  may  be  used.  Metal  salts  containing  ferrous  iron,  freezing 
point  depressants,  and  preservatives  were  added. 

Keil  et  alm  in  1950  maintained  that  the  chemical  hydrolysis  of 
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proteins  usually  results  in  the  formation  of  certain  soluble  inorganic 
salts  which  are  a  hindrance  to  the  addition  of  stabilizing  salts  as 
ferrous  sulfate,  etc.  Enzyme  hydrolysis  of  the  proteins  renders  iron 
introduction  easy.  The  keratinaceous  materials  such  as  hoof,  horn, 
and  hair  are  pretreated  to  remove  the  anti-enzyme  factors  and  to 


Figure  59.  Mechanical  foam:  standard  fire  test  (JAN-C-206);  preburn  period. 


remove  or  fix  the  sulfides  present  so  as  not  to  interfere  with  the  iron 
add, t, on.  The  keratin  is  heated  in  alkali  to  accomplish  anti-enzyme 
removal  and  treated  with  organic  acid  to  facilitate  iron  introduction. 

karaya^m'were^'patented^'h^lOGO  The^d"  with 

and  NnnftrU  •  r  19  lhe  sodlura  salts  of  N-hexvl 
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Figure  60.  Control  of  gasoline  fire  by  application  oi  foam.  (A) 
fire  is  started;  application  of  foam  at  the  rate  of  2  gpm  pm  r  sq 
burning  gasoline  fire;  (C)  foam  application  started;  (D)  foam 
tained;  (E)  foam  blanket— control  obtained. 


Tank  before 
ft;  (B)  free- 
coverage  ob- 
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(t1  rouRE  60,  continued) 
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Section  29.  F oreign  Patents.  The  material  contained  in  the  patents 
reviewed  in  this  section  has,  for  the  most  part,  already  been  covered. 

Proteins.  The  use  of  wetting  agents  in  conjunction  with  proteins 
was  shown  in  two  British  patents  in  1937.  Glue  hydrolyzed  with  nitric 
acid1-0  was  used  in  one  case  and  degraded  albumen  in  the  other124. 

The  use  of  ferrous  sulfate  in  degraded  protein  solutions  is  shown  in 
a  British  patent12’’  in  1937. 

Moilliet  and  Todd12'  in  1937  proposed  use  of  a  mixture  of  nitric  acid 
treated  glue  and  a  wetting  agent  of  high  foaming  power.  The  ad¬ 
vantage  claimed  is  that  improved  viscosity  characteristics  are  achieved 
over  ordinary  glue.  Further,  soluble  nitrates  are  formed  by  neutrali¬ 
zation  with  caustic  soda  causing  a  freezing  point  reduction  to  zero. 
Ethyl  alcohol  or  the  like  is  added  in  addition  to  wetting  agents  as 
isobutylnaphthalene  sulfonates. 

Later,  hoof  and  horn  meal  was  hydrolyzed  with  caustic  soda  and 
used  in  conjunction  with  black  sulfite  liquor  “  . 

In  Germany,  improved  results  were  claimed  for  use  of  potassium 
hydroxide  as  the  hydrolyzing  agent  for  albumens1"  . 

Biological  degradation  of  proteins  using  enzymes  or  bacteria  was 
mentioned128  as  a  practical  means  for  producing  a  foaming  hydrolvzate 
in  1939. 

Ratzer129  in  1940  suggested  a  means  for  controlling  the  hydrolysis 
of  proteins,  scleroproteins  in  particular.  He  considered  the  optimum 
degree  of  hydrolysis  was  obtained  when  a  1  per  cent  solution  of  the 
soluble  products  gave  6  to  16  volumes  of  foam  for  each  volume  of 
solution  and  when  a  neutral  50  per  cent  solution  of  the  soluble  prod¬ 
ucts  yielded  no  precipitate  on  addition  of  10  per  cent  of  a  concen¬ 
trated  ferrous  sulfate  solution. 

A  British  patent130  is  based  upon  the  addition  of  saponin  to  hy¬ 


drolyzed  blood.  .  ,  , 

In  1941  Migray131  used  amino  acids  “that  are  not  carbonized  by 

heat  and  cannot  be  distilled  without  decomposition  ”  To  aqueous 
solutions  ot  various  salts,  such  as  magnesium  or  sodium  chloride, 
saturated  at  0°C.  he  added  polyhydnc  alcohols,  ketones  01  t  en 
derivatives,  molasses,  lignosulfonic  acid,  and  ammo  acids  The  ad¬ 
vantages  claimed  are  mostly  economic  since  the  ammo  acids  may 

obtained  from  leather  factory  wastes. 

A  German  patent"*  in  1942  showed  the  addition  of  small  amounts 
of  soluble  aluminum  salts  as  capable  of  increasing  t  ie  re  resis  an 
of  foams  from  protein  hydrolysates. 
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Tresise  et  al.m  claimed  advantages  in  1944  for  the  use  of  hydro¬ 
chloric  acid  in  neutralizing  a  lime-degraded  protein  solution. 

In  1943  Mattin  et  al.m  patented  the  use  of  fish  scale  proteins  as  a 
raw  material  to  be  hydrolyzed  chemically  or  enzymatically  for  the 
manufacture  of  a  foaming  hydrolyzate.  A  wetting  agent  and  a  com¬ 
mon  solvent  are  preferably  added  to  improve  the  foam  volume  and 
quality.  A  typical  mixture  contained  about  3, GOO  lb  of  a  35  per  cent 
protein  concentrate,  400  lb  of  monobutyl  ether  of  hydroxy  diphenyl, 
250  lb  of  butyl  ‘‘Cellosolve,”  1,700  lb  of  water,  and  25  lb  of  cresylic 
acid. 


Sulfonates.  A  Canadian  patent1  in  1946  discloses  the  combination 
of  a  sulfonated  foaming  agent  and  a  water-soluble  salt  of  an  acid 
containing  at  least  three  carbonyl  groups  as  triethanolamine  citrate 
which  is  cited. 

A  Swiss  patent136  in  1949  indicated  higher  alkyl  sulfates  of  formula 

RR  CHSCbX  as  productive  of  suitable  foam  for  fire-extinguishing 
purposes. 


A  British  patent13'  commented  in  1946  that  ordinary  soaps  and 
even  most  sulfonates  do  not  work  effectively  with  sea  water.  The 
addition  of  polycarboxylic  acids  to  sulfonates  was  found  to  render 
the  mixture  effective  when  used  with  sea  water.  Aconitic  or  tri- 
carballyhc  acids  were  found  to  be  most  effective  as  calcium  dispersing 
agents.  Mixtures  of  fatty  acids  were  used  to  take  advantage  of  the 

?P^tvf0T“g  P°wer  of‘hLe  Sh0rter  chains  and  *he  foam-stabilizing 
ab.bty  of  the  longer  Although  the  longer  molecules  are  the  less 
soluble  in  sea  water  they  are  readily  solubilized  by  the  more  soluble 
compound  when  comprising  from  12  to  50  per  cent  of  the  mixture 

Miscellaneous.  A  variety  of  complex  organic  preparations  are  re- 
corded  in  the  patent  literature 

addt“afcaeLher  ^  *°  N‘  "«*#»>**  oTeic 

jsar*-  . . *  ££  vs? 
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attached  to  a  nitrogen  atom.  Benzyl  dimethyl  dodecyl  ammonium 
chloride  is  typical. 

Another  French  patent142  in  the  same  year  covered  ammonium, 
phosphonium,  and  sulfonium  compounds  of  high  molecular  weight. 
Lauryl  pyridinium  sulfate  is  cited. 
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FROTH  FLOTATION 


Robert  B.  Booth 

American  Cyanamid  Co.,  Stamford,  Conn. 

Section  1.  Flotation,  or  more  specifically  froth  flotation,  has  been 
defined  by  Gaudinla  as  a  process  of  ore  concentration  involving  the 
segregation  of  the  minerals  in  an  ore  into  concentrates  containing  the 
valuable  minerals  and  a  tailing  containing  the  gangue  components  of 
the  ore,  which  are  usually  worthless. 

To  effect  such  beneficiation2a  ores  are  ground  in  water  to  liberate 
the  valuable  minerals  from  gangue.  The  resulting  ore  pulp  is  condi¬ 
tioned  with  various  chemicals  including  froth-producing  compounds 
and  agitated  in  flotation  machines  which  introduce  and  disperse  air 
in  the  form  of  fine  bubbles  throughout  the  pulp.  The  bubbles  collect 
at  the  surface  of  the  pulp  as  a  troth  in  which  the  valuable  minerals  are 
collected  as  concentrates  and  are  removed  by  skimming  or  by  over¬ 
flowing  the  troth  from  the  flotation  cell.  Gangue  minerals  remain  in 
the  body  ot  the  pulp  and  are  removed  from  the  operation  as  a  tailing 
product.  The  concentrates  thus  obtained  may  be  upgraded  further 
by  lefloating  with  or  without  additional  chemicals,  as  required,  to 
yield  final  mineral  concentrates  suitable  for  direct  use  or  for  further 
refining.  The  entire  process  is  a  continuous  one. 

It  is  obvious  that  flotation  may  be  applied  to  accomplish  the  in¬ 
verse  of  the  above-described  process.  In  the  case  of  certain  ores,  by 
the  proper  choice  of  flotation  chemicals  gangue  minerals  may  be  con¬ 
centrated  and  removed  in  the  froth  to  be  rejected,  thus  allowing  the 
recovery  ot  the  valuable  mineral  product  as  underflow  from  the  flo¬ 
tation  machine.  It  is  immediately  apparent  that  the  creation  and 
maintenance  of  a  froth  to  serve  as  a  separating  medium  at  the  sur- 
a<  e  of  the  pulp  is  one  of  the  important  phases  of  the  process. 

somp!<  UStneS  Ithei'  !han  mineml  dressinS>  froth  flotation  has  found 

movll  of  7  aPPh?ati0nS  in  the  ^cation  of  liquids,  the  re¬ 
ntal  of  waste  materials  from  various  solutions,  and  recovery  of  cer¬ 
tain  industrial  products2*-  The  method  has  been  appfild 
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fully  for  the  continuous  removal  of  fine  and  difficulty  filterable  solids 
suspended  in  large  volumes  of  liquid;  such  applications  include  the 
clarifying  ot  rayon  spinning  baths  and  treatment  of  water-soluble  oils 
used  in  grinding  operations5. 

Flotation  Chemicals 

Section  2.  Flotation  requires  the  use  of  chemicals  which  are  added 
to  the  ore  pulp  for  the  following  specific  purposes: 

(a)  Frothers  to  produce  a  froth  of  desired  characteristics,  which 
acts  as  a  separating  medium  in  which  minerals  are  collected  and  sep¬ 
arated  from  the  pulp. 

(b)  Promoters  or  collectors  which  alter  the  surfaces  of  the  minerals 
to  be  floated  so  as  to  cause  them  to  adhere  to  froth  bubbles,  thus  pro¬ 
moting  the  flotation  of  the  minerals  and  collecting  them  into  the 
froth  as  a  concentrate. 

(c)  Modifiers  which  also  change  the  surfaces  of  minerals  so  as  to 
modify  their  amenability  to  flotation  with  a  particular  promoter- 
f rot  her  combination.  These  agents  may  be  activators  for  slow  float¬ 
ing  minerals,  depressants  for  sulfide  minerals  in  differential  flotation 
operations  designed  to  separate  one  sulfide  from  another,  inhibitors 
of  the  flotation  of  gangue  minerals  in  both  metallic  and  nonmetallic 
ores,  pH  regulators,  and  the  like. 

A  discussion  of  the  action  of  collectors  and  modifiers  on  the  sur¬ 
faces  of  minerals115'  2c’ 3a  lies  outside  the  scope  of  a  chapter  devoted  to 
the  application  of  froth  and  frothing  agents  in  the  flotation  process. 
However,  in  practice  the  efficiency  of  a  frother  used  in  a  mineral  sep¬ 
aration  will  be  judged  not  on  its  frothing  ability  alone  but  in  terms 
of  mineral  recovery  and  grade  of  the  mineral  concentrates,  taetois 
generally  dependent  on  the  type  of  collector  and  modifier  used  and 
the  cooperative  part  played  by  the  frother  in  conjunction  with  these 
reagents.  A  brief  study  of  the  development  of  flotation  reagents  serves 
to  emphasize  this  point. 


Section  3.  The  history215' 3b  of  the  development  of  flotation  proc¬ 
esses  and  chemical  agents  may  be  divided  into  two  periods  c: 

1860  to  1920:  Oil  Flotation 
1921  to  date:  Chemical  Flotation 

Early  in  the  first  period  it  was  observed  that  the  wettability  of  sulfide 
and  certain  oxide  mineral  surfaces  was  changed  by  ag.tat.ng  ore  pulps 
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with  large  quantities  of  fatty  and  oily  materials,  frequently  as  high 
as  10  to  20  per  cent  based  on  the  weight  of  the  ore.  This  treatment, 
known  as  bulk  oil  flotation,  segregated  the  sulfide  and  oxide  constit¬ 
uents  of  the  ore  in  an  oily  layer  and  thus  allowed  separation  of  these 
fractions  from  the  gangue  constituents  and  the  water.  This  separation 
was  improved  by  the  use  of  various  modifiers  such  as  acids  and  certain 
salts6.  The  buoyant  effect  of  oils  for  sulfide-oxide  minerals  was  sup¬ 
plemented  by  the  introducing  of  gases  into  the  ore  pulp  first  by  re¬ 
action  of  acids  on  the  suspended  sulfides  or  carbonates',  by  electrolysis 
of  water,  or  by  subjecting  the  pulp  to  vacuum8,  by  heating9,  by  direct 
introduction  of  air  by  means  of  agitators,  porous  media,  and  sub¬ 
merged  pipes10.  Thus,  air  became  a  substitute  for  oils  as  a  buoyant 
medium  and  it  was  soon  established  that  large  quantities  of  oils  were 
not  needed.  Oil  consumption  dropped  to  less  than  1  per  cent  based 
on  the  weight  of  the  ore10. 


The  reduction  in  oil  requirements  focused  attention  on  the  fact 
that  there  were  differences  in  the  frothing-collecting  properties  of 
different  oils.  Specific  frothing  agents  such  as  alcohols,  ketones,  esters, 
and  fatty  acids11  were  recommended,  indicating  that  frothing  prop¬ 
erties  were  being  associated  with  definite  types  of  chemicals  and  chem¬ 
ically  functioning  groups  (OH,  CO,  COOR,  COOH,  etc).  For  gen¬ 
eral  use  as  frothers  monohydroxylated  compounds  such  as  the  higher 
alcohols,  cresols,  and  pine  oils  were  adopted. 

Toward  the  end  of  the  first  historical  period,  as  indicated  above 
it  was  recognized  that  certain  types  of  nonfrothing  oils,  particularly 
hose  containing  suliur,  either  naturally  or  added  by  direct  sulfuri- 
zation  were  promoters  for  sulfide  and  oxide  minerals.12  In  1921  certain 
f  e  mte  chemicals  nonoleaginous  in  nature,  and  containing  nitrogen 
e  ,  b  Uh  rg"  "aph,h*lami"es.  toluidines,  and  thiocarbanifide)  were 

1924  by  fheaS  PTT'S  f7  metalliC  ores“'  "  was  followed  in 
whi  h  y  7  pphcatlon  oi  water-soluble  xanthates  as  collectors'5 
oh  ended  the  use  of  oily  materials  as  originally  employed  in  the 

metallic  sulfide  and  oxide  mhmrah  In  (pfie  'fTl""8  T  ,C°ntaining 
ward  promoters  showing  water  solubilif  v  h  ,] th  "lal'ked  trend  to- 

P'oyed  0,1  “  —is.  Also'oily  type  coHectors  simh”1 


as 
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certain  dithiophosphates  and  the  xanthoyl  formates  (reaction  prod¬ 
ucts  of  a  xanthate  and  ethyl  chlorocarbonate  and  related  com¬ 
pounds)1  have  found  a  definite  place  in  the  field,  and  thiocarbanilide, 
a  solid  promoter  showing  very  limited  solubility,  still  finds  some  ap¬ 
plication. 

In  pulps  of  metallic  ores  certain  of  the  above  promoters  will  produce 
a  froth,  generally  insufficient  to  carry  the  concentrate  of  floated  min¬ 
erals.  Accordingly  the  same  compounds,  alcohols,  cresols,  pine  oils, 
etc.,  developed  as  frothers  in  the  early  period  of  flotation,  are  applied 
for  this  purpose. 


Section  4.  Flotation  methods  have  been  extended  to  treat  various 
nonmetallic  ores  first  in  the  separation  of  nonsilicates  from  silicate 
minerals  and  later  in  the  flotation  of  silica  and  silicates  .  In  these 
applications  the  main  types  of  promoters  to  find  general  use  are: 

Anionic  Promoters: 

(a)  Fatty  acids,  resin  acids,  combinations  thereof  such  as  found  in 
tall  oil,  naphthenic  acids,  and  related  compounds  of  petroleum 
origin;  also  the  sodium  and  ammonium  soaps  of  such  com¬ 
pounds. 

(b)  Sulfonated  compounds,  particularly  certain  petroleum  sulfo¬ 
nates  and  related  surface-active  materials. 


Cationic  Promoters: 

(a)  Long-chain  (e.g.,  12-20  carbon  atoms)  amine  salts,  usually  the 
acetates. 

(b)  Certain  modified  amine  derivatives. 

The  fatty  acid  and  soap  type  collectors  find  use  generally  tor  the 
flotation  of  alkaline  earth  minerals  typical  of  which  are  calcite  apatite, 
collophanite,  barite,  fluorite,  magnesite,  scheelite,  and  the  like;  ox¬ 
ide  minerals  and  salts  such  as  sodium  and  potassium  chloride  also 
respond  to  certain  of  these  promoters.  The  mam  applications  o  ie 
sulfonated  reagents  are  in  the  flotation  of  oxidized  iron  minerals  from 
low-grade  iron  ores,  iron-bearing  contaminants  from  glass  sands  and 
feldspars,  talc,  garnet,  kyanite,  barite,  and  manganese  carbo 
nate75' 78' 85  The  amines  and  allied  catiomcs  find  their  mam  use  n 
the  flotation  of  silica  from  phosphate  and  also  in  the  treatment  of 
feldspars  and  other  silicate  minerals 
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The  effect  of  the  above  chemicals  as  promoters  for  both  metallic 
and  nonmetallic  minerals  has  been  rendered  more  specific  by  the  use 
of  various  modifiers  which  act  in  flotation  as  described  generally  in 
section  2.  It  will  be  sufficient  for  the  purpose  of  the  present  chapter 
to  list  briefly  some  of  the  more  important  modifing  agents : 

Acids  and  alkalies  for  pH  adjustment  and  control. 

Cyanides,  usually  sodium  or  calcium  cyanide,  as  zinc  depressants  in  lead- 
zinc  separations. 

Copper  sulfate,  as  activator  for  sphalerite. 

Lime,  as  depressant  for  pyrite  in  treatment  of  copper  ores. 

Sodium  silicate,  commonly  used  as  a  dispersing-depressing  agent. 

Hydrofluoric  acid  as  quartz  depressant  in  feldspar  flotation. 

Dextrin  as  depressant  for  carbon  and  graphitic  material  in  sulfide  flota¬ 
tion;  also  used  on  talcose  material. 

Starch  as  depressant  for  iron  oxide  minerals. 

Dyes  as  depressants  for  carbon  and  insolubles  in  sulfide  flotation. 

Tannic  acid  and  quebracho  as  depressants  for  lime-bearing  minerals  in 
fluorite,  scheelite,  and  magnesite  flotation. 

Sodium  sulfide,  as  a  sulfidizing  agent  for  oxide  minerals  such  as  lead  car¬ 
bonate  and  in  the  flotation  of  oxidized  zinc  minerals  with  amine  re¬ 
agents98. 

Zinc  sulfate  as  a  zinc  depressant  in  lead-zinc  separations;  may  be  used 
with  cyanides. 


The  Function  of  Froth  in  Flotation 

Section  5.  The  term  froth  or  flotation  froth  rather  than  foam  is  cren- 
eia  y  applied  to  the  mass  of  mineralized  bubbles  at  the  surface  of 
the  ore  pulp  in  a  flotation  cell.  This  usage  is  in  keeping  with  the  slight 
differences  in  the  dictionary  definition  of  foam  and  froth,  the  latter 

ggTeZ  i"lXainkllegree  °f  1!ghtneSS  °r  instabili‘y  »  the  bubble 
t  '  ke6ping  Wlth  *eneral  operating  practice  where 

the  troth  forms  continuously  in  the  flotation  machine  to  be  skimmed 

ofl  a  the  pulp  surface  and  then  breaks  down  readily  to  allow  i," 

"  ;°h  ^  r  s  (rly  from  the 

tions  by  reflotation  and  eventuallv  tl  SUbsequent  'Wading  opera- 
eningaud  filtering  The  recovery  steps  such  as  thick- 

foam  with  tL™gre  ctXtr  m" ~tes  the 
such  as  those  which  are  formed  h  p®lmanent  bubble  aggregates 
chemicals.  Such  condiHon!  Y  °ertam  8tr0ngly  surface-active 

but  are  avoided  whenever  possible  Th'^'h11  °''Caslonal|y  in  flotation 

tation  froths  will  be  discuss^  Th««^  h^^ctenstics  of  various  flo- 
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separating  and  concentrating  medium  in  flotation  is  shown  in  Fig. 
612d.  By  the  combined  agitating  and  aerating  action  of  the  flotation 
machine  (see  section  20),  ore  pulp  is  directed  toward  the  froth  column 
which  overlies  the  surface  of  the  pulp.  The  separation  of  the  valuable 
minerals  (black  in  the  diagram)  from  the  gangue  particles  (light  col¬ 
ored  in  the  diagram)  takes  place  as  indicated.  The  concentration  of 
the  dark  grains  increases  in  the  upper  portions  of  the  froth  column; 
this  may  be  confirmed  by  withdrawing  and  assaying  mineral  samples 
from  different  levels  in  the  pulp  and  the  froth  column.  For  example, 
it  has  been  shown  in  the  flotation  of  a  copper  ore  that  the  copper 


Figure  61.  Separation  of  ore  (dark  particles)  from  gangue  (light  particles) 
Reprinted  with  permission  from  Taggart’s  “Handbook  of  Mineral  Dressing, 
1948,  John  Wiley  &  Sons,  Inc. 


content  of  such  samples  has  varied  thus:  0.67  to  0.76  per  cent  Cu  m 
the  pulp  body,  0.77  per  cent  Cu  at  the  froth-pulp  interface  and  2.07, 
4  70  12  43  per  cent  Cu  at  successively  higher  levels  in  the  bubble 
column,  and  finally  38.8  per  cent  Cu  at  the  froth  surface  It  will  be 
apparent  from  the  diagram  that  the  frothing  agents  tending  to  pro¬ 
duce  a  closely  knit  froth  will  tend  to  produce  a  high  mineral  recovery 
bv  carrying  a  heavy  mineral  load,  while  a  more  loosely  textured  froth 
will  aid  in  the  dropping  out  of  insoluble  gangue  from  the  mmeral  con- 

centrate. 


Section  6.  In  flotation  practice  a  variety  of  froth  conditions  are 
encountered  which  are  influenced  by  the  type  ot  frother  and  collecto 
used  the  type  of  ore  solids  present,  the  presence  ot  mmeral  slimes. 
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pH  of  the  pulp,  and  dissolved  salts.  The  function  of  a  frothing  agent 
to  provide  a  separating  medium  is  probably  best  illustrated  in  the 
flotation  of  sulfide  ores,  where  a  froth  column  of  1  to  2  inches  (or 
deeper)  frequently  forms  and  carries  a  well  mineralized  layer  at  its 
surface;  such  a  froth  condition  allows  removal  of  mineral  load  to 
a  barren  froth  practically  uncolored  except  for  a  small  quantity 
of  gangue  slimes.  The  same  condition  also  is  noted  in  some  instances 
in  the  flotation  of  nonmetallics.  Froths  range  from  this  more  or  less 
optimum  condition  to  those  of  lower  volume  and  to  heavily  flocculated 
oih  ( urds  held  up  by  a  thin  cushion  of  bubbles  of  sufficient  thickness 
to  allow  the  mineral  agglomerate  to  be  scraped  from  the  pulp  sur¬ 
face.  This  condition  is  occasionally  noted  in  sulfide  work  and  is  fre¬ 
quently  noted  in  the  flotation  of  monmetallics  where  frothing  is  ob¬ 
served  to  virtually  stop  when  the  mineral  load  has  been  removed; 
such  froths  occur  quite  commonly  where  a  material  added  as  a  col¬ 
lector,  e.g.,  a  tatty  acid  or  sulfonated  compound,  possesses  froth-pro- 
during  properties  as  well  as  collecting  properties. 


Section  7.  Froth-producing  substances  used  in  flotation  practice 
may  be  placed  in  two  main  classes: 

(a )  Fr others  Compounds  added  for  the  specific  purpose  of  creating 
a  froth;  such  compounds  do  not  have  broad  collecting  power 
and  usually  require  the  addition  of  a  promoter  (usually  a  com¬ 
pound  showing  limited  frothing  power)  to  achieve  desired  re- 
covery  °f  mmeral  values.  Such  frothers  are  commonly  used  in 
the  flotation  of  sulfide  minerals. 

(I>)  Frothing  Collectors— Compounds  added  primarily  to  promote 
“froth  ”  mi',ei'alstb"‘  whM,  frequently  also  produce  suf- 

* . . ■*  *  -.‘•£2 

fiel!/ of  ^lotltion^and1  compounds' in  Thf  *  ,"T  ^  <ha 
as  collectors  although  they  exhibit  frothi  C  aSS.are  thouSht  of 
with  this  practice  the  term  frother  in  the  f0nnPr°Pe?leS'  In  keePinS 
applied  to  chemicals  of  the  first  class  The  d  "mg  dlscusslon  Wl11  *,e 
since  many  cases  may  be  cited ^  vhere  i  Jrotb  'T"  *  *  fleribfe 
eney  to  promote  certain  mineral  ££ 


250  FOAMS:  THEORY  AND  INDUSTRIAL  APPLICATIONS 


with  a  collector  showing  frothing  properties  is  necessary  for  producing 
optimum  frothing  and  desired  separation.  This  serves  to  emphasize 
the  cooperative  roles  played  in  practice  by  frothers  and  collectors  in 
flotation. 

Properties  of  Flotation  Frothers 

Section  8.  A  large  number  of  organic  chemicals  are  potent  froth 
producers,  hut  this  property  is  by  no  means  the  only  factor  governing 
the  choice  of  a  frothing  agent  for  flotation  use.  The  frothers  in  most 
general  use  at  the  present  time  show  the  following  characteristics11^  96. 

(a)  Form  in  low  concentrations  a  froth  of  adequate  volume  which 
allows  separation  of  the  floated  mineral  concentrate  from  the 
ore  pulp,  but  which  exhibits  limited  stability  and  thus  breaks 
down  readily  on  removal  from  the  flotation  machine. 

(b)  Are  heteropolar  organic  compounds  consisting  of  one  or  more 
hydrocarbon  groups  attached  to  one  polar  group. 

(c)  Have  limited  solubility  in  water  (0.2  to  5.0  grams/ liter),  but 
show  ready  dispersibility  in  aqueous  ore  pulps. 

(d)  In  the  optimum  should  exhibit  low  ionization  and  low  promoting 
activity;  promoting  power,  when  evidenced,  should  he  specific 
for  the  minerals  to  be  floated. 

(e)  Show  low  sensitivity  to  the  pH  changes  and  salt  contents  en¬ 
countered  in  flotation  operations. 

(f)  Are  readily  available  at  low  cost. 

As  a  direct  corollary  to  (c)  above,  frothers  should  not  only  show 
low  promoting  power  because  of  relatively  low  chemical  activity  but 
also  should  provide  a  froth  of  suitable  structure  to  aid  in  the  elimi¬ 
nation  of  gangue  particles  particularly  in  cases  where  slimy  gangues 

are  encountered. 


Section  9.  As  indicated  previously,  the  chief  compounds  employed 
as  frothers  in  flotation  are  alcohols,  pine  oils,  and  cresy lie  acids.  The 
active  frothing  constituents  of  these  agents  are  monohydroxylated 
compounds  such  as  alcohols  or  alky,  phenols  and  ^us  the  mmn  po  a, 
courting  utilized  in  practice  is  the  hydroxyl  group  (OH).  Recently 
IW1  a  4  carbon  atoms)  ethers  and  phenyl  ethers  of  propylene  and 
polypropylene^glycols  have  been  applied'’  Also  eucalyptus  o„s  and 

Ca^eToflo:.nrre"ff1chem,ca.  constitution  to  frothing  power 
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have  been  pointed  out  in  compounds  currently  used  as  flotation  froth- 

96 

ers  . 

(a)  A  normal  alcohol  has  higher  frothing  power  than  its  isomers. 

(h)  Aliphatic  alcohols  show  higher  frothing  power  than  correspond¬ 
ing  aromatic  alcohols;  saturation  of  the  double  bonds  in  the 
aromatic  compound  improves  and  approximately  equalizes  its 
frothing  power  with  that  of  the  corresponding  aliphatic  alcohol. 

(c)  The  addition  of  the  methyl  group  (CH3)  to  the  benzene  ring 
of  a  phenol  improves  frothing  power;  further  lengthening  of  the 
side  chain  gives  only  small  increases  in  frothing  power. 

(d)  An  increase  in  the  number  of  double  bonds  in  an  aromatic  al¬ 
cohol  gives  at  best  only  a  slight  increase  in  frothing  power. 

(e)  An  increase  in  the  number  of  double  bonds  in  a  terpene  alco¬ 
hol  improves  frothing  power;  saturation  of  double  bonds  de¬ 
creases  frothing  power. 

(f)  Small  quantities  of  impurities  influence  frothing  power  mark¬ 
edly. 


(g)  Froth  structure  and  stability  depend  on  the  polar  grouping  and 
structure  of  the  frother  molecule. 

fh)  Since  limited  stability  is  desired,  the  hydrocarbon  group  must 
be  branched,  should  contain  no  more  than  8  carbon  atoms  in  a 
single  chain  or  branch,  and  should  be  distributed  asymmetri¬ 
cally  over  the  whole  molecular  structure. 

Frothing  characteristics  are  associated  with  other  compounds20  ex- 
hibitmg  in  their  structures  the  following  functional  groups:  ketones 

mtrlles  <CN>’  esters  (COO),  amides 
V  fa,™“,ds  (C00H>.  amines  (NH2),  sulfonates  (S03H) 

frothers”  ColkSf  !  '  Ket°"eS  P''eSent  “  certain  of  the  alcohol 

not  hers  Collecting  properties  are  associated  with  the  amines  fat, tv 

acids  and  sulfonated-type  reagents  and  accordingly  such "ompounds 

may  be  considered  to  be  members  of  the  frothing  collector  cZ  men 

“r  e'SC  C°mPOUndS  fre«  produce  suffilmf”' 

agent  h  “  “  "°!  *°  m>uire  the  additi«n  of  specific  frothing 
agents,  but,  as  pointed  out  abovp  it  ^ 

mgCblng  pi'operfe6"^  *“  ''0m'>ina,io”  wi,h  the  ^ctors'exhS 
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alkyl  and  phenyl  ethers  of  propylene  and  polypropylene  glycol' '  pro¬ 
vides  water-soluble  frothers,  which  are  reported  to  exhibit  low  collect¬ 


ing  power. 

The  nonpolar  portion  ot  a  compound  plays  an  important  part  in 
its  frothing  properties.  In  the  most  widely  used  frothers  where  limited 
solubility  is  an  influence,  it  is,  of  course,  the  nonpolar  group  which 
controls  this  factor.  Thus,  in  the  case  of  the  aliphatic  alcohols,  for 
example,  there  is  an  optimum  range  of  chain  lengths,  5  to  8  carbon 
atoms,  for  the  frothers  in  current  use25.  Also  in  the  case  of  cresylic 
acids,  frothing  properties  are  indicated  to  vary  with  the  boiling  range 
of  the  acids,  which  increases  with  length  of  the  side  chain  in  the  ben¬ 
zene  ring  in  the  nonpolar  portion  of  the  frother  molecule1.  Likewise 
in  certain  water-soluble,  froth-producing  compounds  the  inclusion  ot 
several  water-solubilizing  groups  in  the  hydrocarbon  part  of  the  mole¬ 
cule  modifies  markedly  the  suitability  of  the  compounds  as  flotation 


frothers. 


Mention  of  such  requirements  as  limited  solubility  and  low  chemi¬ 
cal  activity  under  the  usual  conditions  prevailing  in  the  flotation  cell 
serves  to  bring  out  the  similarity  ot  frothers  to  hydrocarbons  in  col¬ 
lecting  action.  While  hydrocarbons  contain  no  active  chemical  gioup- 
ing  capable  of  attachment  to  the  mineral  to  be  floated,  these  com¬ 
pounds  by  virtue  of  their  oily  nature  impart  water  repellency  to 
minerals  as  indicated  in  the  above  brief  consideration  of  the  historical 
development  of  flotation  agents.  Likewise  the  monohydroxylated 
frothers  show  collecting  power  for  certain  minerals,  tor  example  cer¬ 


tain  readily  floatable  sulfide  minerals  and  minerals  tending  to  present 
a  naturally  occurring,  water-repellent  surface  such  as  molybdenite, 
graphite,  talc,  mica,  etc.  This  collecting  action  appears  similar  to  that- 
of  the  hydrocarbons  and  frequently  is  enhanced  by  the  auxiliary  use 
of  hydrocarbons  with  frothing  agents.  Also  the  hydrocarbons,  either 
naturally  present  in  frothers,  for  example  the  terpenes  present  in  pine 
oils,  or  those  deliberately  added  in  practice  to  alcohols  and  cresyli. 
acids  act  as  froth  stabilizers  and  give  improved  recoveries  over  those 
obtained  with  the  active  frothing  constituents  ot  such  mixtures  used 
alone50.  Other  oily  compounds  such  as  creosotes,  tar  oils,  and  the  likt 
are  used  in  conjunction  with  frothers  to  increase  the  capacity  of  froths 
for  coarse  size  minerals  and  middling  particles. 


Section  11.  Promoters  would  be  expected  to  be  froth  producers  or 
at  least  influence  the  frothing  action  of  the  specific  frothers  as  mdi- 
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rated  by  a  comparison  ot  the  heteropolar  structures  ot  both  types  ol 
compounds  in  the  following  type  formulas: 

Agent  Formula 


Frothers  (alcohols,  cresols,  etc.) 

Sulfide  promoters  (xanthates,  dithiophosphates, 
etc.) 


R— OH 

ROC— SNa 


S 


RO 

\ 


P— SNa 

/II 

RO  S 


Nonmetallic  promoters  (fatty  acids,  soaps,  sulfonates, 
sulfates,  amines,  etc.) 


R COON a 
RSOaNa; 

ROSOsNa 
RNHo 


With  the  exception  of  the  hydroxyl  group  the  above-listed  polar 
groupings  impart  selectivity  in  collecting  power  toward  a  specific 
class  of  minerals.  Because  of  the  weakly  ionized  and  relatively  inactive 
hydioxyl  gioup  (under  usual  flotation  conditions),  frothers  may  be 
expected  to  show  relatively  low  collecting  power;  in  fact,  where  they 
do  exhibit  collecting  power  it  is  for  portions  of  the  ore  or  for  specific 
minerals  which  are  easily  floatable.  Thus,  gangue  minerals  are  not 
generally  promoted.  Selectivity  either  by  nonpromotion  of  gangue  or 
by  pioviding  a  troth  texture  suitable  for  allowing  the  elimination  of 
unwanted  fine  gangue  is  an  important  factor  in  the  choice  of  a  frother 
tor  a  particular  use.  Such  selectivity  allows  control  of  both  frothing 
and  collecting  by  adjusting  accurately  the  separate  chemicals  added 
or  hese  purposes.  However,  there  are  many  instances  where  a  rela- 
i\  ely  large  proportion  of  the  minerals  in  an  ore  will  be  amenable  to 
otation  with  a  frother  alone  and  with  simultaneous  high  rejection  of 

ZT  m  SUCl;.CaSeS  °P“  will>  *  possible,  Utilize  this  selective 
frothing-promoting  power  by  adding  lower  quantities  of  promoters  to 
etfeo,  maximum  recovery.  Sulfide  promoters  of  short  chah,  Z,h  are 
generally  nonfrothers  or  at  best  not  potent  froth  formers  Such  com 
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in  flotation  practice  are  frothers  and  frequently  it  is  possible  to  use 
these  compounds  for  this  purpose,  while  utilizing  their  promoting 
properties  at  the  same  time;  also  these  compounds  are  used  as  frothers 
in  combination  with  nonfrothing  collectors.  The  xanthoyl  formates, 
being  oily  in  nature,  are  not  froth  formers  but  in  combination  with 
auxiliary  frothers,  especially  certain  dithiophosphates,  produce  froth 
structures  which  give  high  mineral  recoveries. 

The  frothing-collecting  action  of  fatty  acids  and  their  soaps,  the  sul- 
fonated  reagents,  amines,  and  other  cationics  has  been  discussed 
above  and,  as  was  indicated,  in  many  cases  no  additional  frothing 
agents  are  required  in  flotation  operations  employing  such  agents. 
Voluminous  frothing  is  frequently  produced  by  these  compounds  and 
in  certain  cases  requires  the  use  of  hydrocarbons  to  control  the  volume 
of  froth  and  modify  its  structure.  On  the  other  hand  specific  frothers 
such  as  the  alcohols,  pine  oil,  etc.,  are  commonly  used  in  nonmetallic 
flotation  in  conjunction  with  the  above  collectors;  these  frothers  are 
used  to  increase  froth  volume  in  certain  cases  or  to  enhance  recovery 
or  selectivity.  In  the  treatment  of  nonmetallics,  anionic  and  cationic 
promoters  frequently  produce  adequate  frothing  during  the  first 
stages  of  flotation  but  require  the  addition  of  a  frother  during  the 
latter  stages,  as  is  illustrated  in  laboratory  batch  testing  where  the 
addition  of  a  frothing  agent  toward  the  end  of  the  float  facilitates  the 
removal  by  skimming  of  the  last  portions  of  the  concentrate.  Though 
the  fatty  acids,  soaps,  sulfonates,  and  amines  frequently  are  potent 
frothers,  the  promotion  of  gangue  minerals  by  such  compounds  and 
the  simultaneous  lowering  of  concentrate  grade  generally  preclude 
their  use  in  sulfide  flotation  work;  on  occasion  certain  of  these  agents 
are  employed  in  small  amounts  as  auxiliary  frothers  but  such  is  not 

common. 


A  Comparison  of  the  Main  Flotation  Frothers 

Section  12.  The  composition  and  comparative  frothing  action  ot 
the  main  frothers  currently  used  in  flotation  practice,  i.e.,  pine  oils, 
cresylic  acids,  and  the  higher  alcohols,  will  lie  discussed  briefly. 

Pine  oil  is  obtained  by  the  steam  distillation  and/or  solvent  extrac¬ 
tion  of  wood  chips  of  southern  pines,  particularly  irom  pme  stump 
wood.  The  composition  of  a  pine  oil  commonly  used  in  flotation  is 


given  as 


22,  23. 
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Components 


Percentage 


Tertiary  alcohols,  mainly  a-terpineol  with  small  amounts  of  0-ler- 
pineol,  terpinen-4-ol,  and  dihydro-terpineol. 

Secondary  alcohols:  borneols  and  fenchyl  alcohols 
Ketones;  fenchone  and  camphor 
Ethers;  anethole  and  estragol 

Hydrocarbons;  monocylic  terpenes,  such  as  terpinolene;  dipentene, 

camphene,  and  pinene . 

Moisture . . 

Total  alcohols . 


55  65 
10-20 
5-10 
5-10 

10-20 

0.4 

75 


Beta-terpineol  and  fenchyl  alcohol  are  indicated  in  frothometer  tests 
to  be  the  most  potent  frothers  and  to  have  about  the  same  frothing 
power;  next  in  this  respect  are  alpha-terpineol,  borneol,  and  camphor 
and  these  are  about  equal  in  frothing  power.  The  remaining  compo¬ 
nents  are  weaker  frothers  and  while  the  hydrocarbons  present  are 
ineffective  frothers,  these  compounds  in  combination  with  the  more 
potent  frothing  constituents  produce  generally  improved  froths  and 
enhance  the  specific  collecting  power  for  certain  sulfide  minerals. 
Synthetic  pine  oils  may  be  prepared  from  turpentine  by  chemical 
treatment  and  the  resulting  products  are  reported  to  be  practically 
identical  in  frothing  properties  with  natural  pine  oil22. 


Section  13.  (  resylic  acids  used  as  flotation  frothers'1  first  were 
obtained  from  the  by-product  coking  of  coal  and  since  1937  from  the 
thermal  cracking  of  petroleum.  At  the  present  time  the  petroleum 
<  res}  lies  are  most  widely  used.  These  frothers  are  recovered  by  caustic 
extraction  of  phenolic  fractions  to  remove  entrained  oil,  followed  by 
acidification  of  the  sodium  phenolate  solution  to  separate  out  the 
cresylic  acids  which  are  fractionally  distilled.  Formerly  considered  as 
mixtures  of  ortho-,  meta-,  and  para-cresols,  cresylic  acids  in  recent 
years  are  regarded  as  mixtures  of  the  three  isomeric  methyl  phenols, 
six  isomeric  xylenols,  and  other  higher  boiling  phenols.  The  coal  tar 
and  petroleum  cresylics  have  been  shown  to  contain  similar  com¬ 
pounds  particularly  in  the  lower  and  middle  boiling  ranges  but  in 
V aryi.nf.  quantities.  The  main  impurities  in  such  frothers  are  small 
quantities  of  phenol,  water,  neutral  oils,  nitrogen  bases  such  as  pyri¬ 
dine  derivatives,  and  sulfur-containing  compounds  (e.g.,  0  3  to'l  0 

erlCeFr„?hSUCh,aS  thi°Phen0lS  WhiCh  Promoters  fo^ulfidelln 

erals.  Frotlung  charaotenst.es  vary  somewhat  with  the  boiling  range 

of  the  and,  the  lower  ranges  producing  a  light  froth  as  compared Z 
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the  more  lasting  froth  produced  by  the  higher  boiling  ranges.  The 
higher  boiling  types  are  more  widely  used  in  practice. 

A  study  ol  the  relative  flotation  activity  (frothing-promoting 
power)  ol  the  constituents  of  crude  eresylie  acid  on  lead  and  zinc  ores 
both  in  the  presence  and  absence  of  xanthate  promoters  has  indicated 
that  meta-cresol  is  most  potent  and  that  as  a  class  the  cresols  are 
stronger  than  other  phenolics  present24.  Certain  xvlenols  (boiling 
range  218-228°C.)  have  been  used  as  fr others'^. 


Section  14.  The  main  alcohols  currently  used  as  frothers  are  in 
the  5  to  8  carbon  atom  range.  These  frothers  include  mixed  amyl 
alcohols,  methyl  isobutylcarbinol,  certain  heptanols,  and  octanols 
such  as  capryl  alcohol.  Mixtures  of  primary  and  secondary  alcohols  of 
6  to  8  carbon  atoms  with  ketones  and  esters  are  also  effective  frothing 
agents26.  Higher  alcohols  in  the  10  to  12  carbon  atom  range  produce 
suitable  froths  of  good  volume  and  texture,  provided  the  chain  is 
branched  sufficiently.  These  alcohols  are  currently  higher  in  price 
than  those  of  shorter  chain  length  and  have  not  found  wide  use. 

The  efficiency  of  a  frother  is  not  judged  entirely  on  frothing  action 
alone  but  rather  on  the  combined  effect  of  a  frother-collector  or 


frother-col lector-modifier  combination  as  evidenced  by  mineral  recov¬ 
ery  and  grade  of  concentrate.  Consequently  a  change  in  the  type  ol 
collector  in  use  may  entail  a  change  in  the  type  of  frothing  agent  as 
well.  Frothing  is  affected  by  a  number  of  variables,  of  which  some 
of  the  most  apparent  are  pH,  dissolved  salt  content,  degree  ol  gi hid¬ 
ing,  presence  of  slime  fractions,  type  of  slimes,  etc.  These  factors 
obviously  vary  widely  depending  on  the  type  ot  ore  treated  and,  as 
an  example,  a  frother  may  operate  well  only  over  a  narrow  pH  range 
for  one  ore  but  give  good  troth  over  both  acid-alkaline  ranges  in 
another  ore.  Accordingly,  it  is  rather  difficult  to  make  a  firm  com¬ 
parison  in  the  performances  of  the  commonly  used  frothers  listed 
above,  since  their  action  will  vary  from  one  flotation  operation  to 
another.  An  attempt  will  be  made  to  do  this  with  the  realization  that 
there  may  be  some  just  disagreements  with  the  following  summary 

in  the  light  of  experience  on  specific  ores. 

Pine  oil  forms  a  small-bubble,  closely  knit  froth  which  breaks 
readily  A  marked  decrease  in  volume  and  an  effervescent  froth  result 
when  excessive  amounts  of  this  frother  are  used.  Though  on  certain 
ores  pine  oil  has  a  tendency  to  be  somewhat  less  selective  than  other 
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frothers,  its  froth  structure  is  conducive  to  high  recoveries  of  mineral 
values. 

Cresylic  acid  forms  a  well-knit  froth  resembling  that  of  pine  oil  but 
of  somewhat  larger  bubble.  Excessive  quantities  cause  effervescence 
and  a  decrease  in  volume.  Cresylic  acid  has  good  promoting  powers 
for  certain  sulfides  and  is  frequently  chosen  because  of  this  factor. 

The  alcohol  frothers  produce  froths  of  larger  bubbles  and  looser 
structure  than  pine  oil  and  cresylic  acid,  particularly  in  the  short 
chain  lengths.  The  use  of  large  quantities  of  these  frothers  tends  to 
tighten  up  the  froth  structure  and  produce  finer  bubbles  but  does 
not  tend  to  flatten  or  kill  froth  to  the  same  degree  as  noted  for  pine 
oil  or  cresylic  acids.  In  certain  pulps  the  froth  has  a  tendency  to 
diminish  in  volume  after  a  short  time  unless  further  additions  are 
made,  a  factor  considered  to  be  an  advantage  in  some  differential 
flotation  processes,  where  the  second  flotation  circuit  may  require  a 
different  reagent  combination  than  the  first.  The  loose  froth  structure 
allows  the  elimination  of  fine  gangue,  and  the  alcohol  frothers  fre¬ 
quently  are  preferred  with  various  slimy  ores. 

The  above  comparison  summarizes  some  of  the  most  prominent 
characteristics  of  the  commonly  used  frothers.  It  will  be  clear  from 
the  abo\  e  that  laboratory  and  even  mill  trials  on  an  ore  pulp  are 
lequiied  befoie  a  firm  choice  of  a  specific  frother  for  a  particular 
flotation  separation  can  be  made.  E rothometers  95  tor  testing  froth- 
eis  hav e  been  used  and  give  some  idea  of  frothing  power  and  stability; 

they  do  not  show  up  the  effect  of  the  variables  indicated  above  as 
existing  in  actual  ore  pulps. 


Other  Compounds  as  Frothers 

Section  15.  A  brief  summary  of  various  other  products  which  have 
been  recommended  as  specific  flotation  frothers  is  given  below  These 

materials  are  generally  of  definite  chemical  composition  or  well  de- 
hned  mixtures. 

I  he  lower  alkyl  (1  to  4  carbon  atoms)  and  the  phenyl  mono-ethers 
..  propylene  and  polypropylene  glycols  were  introduced  recently  as 

dm,  ,  °l  r  and  currently  are  bei"K  evaluated  at  several  flota¬ 
tion  Plants  Such  compounds  may  be  prepared  under  anhydrous  eon- 

ons  y  he  reaction  oi  propylene  oxide  on  an  alcohol  (I  to  4  carbon 

• * . . i  i 
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leaving  the  ethers  ol  propylene  and  polypropylene  glycol  as  distilla¬ 
tion  residue.  Reaction  mixtures  may  be  used  without  purification.  As 
compared  to  frothing  agents  such  as  pine  oil  and  cresylic  acids,  these 
mono-ethers  are  reported  to  show  equivalent  frothing  power  with 
lower  quantities  of  frother  and  also  to  exhibit  a  high  degree  of  selec¬ 
tivity.  The  mono  methyl  ether  of  tripolypropylene  glycol  is  highly 
soluble  in  water  and  is  an  active  frother.  The  use  of  such  compounds 
represents  a  departure  from  the  concept  that  frothers  should  have 
limited  solubility  in  water.  The  lower  alkyl  monoethers  of  polypropyl¬ 
ene  glycol,  as  typified  by  ‘‘methoxytripropylene  glycol,”  form  a  small 
bubble  froth  which  resembles  that  produced  by  certain  surface-active 
agents.  These  froths  are  persistent  in  the  flotation  cell  but  break 
readily  on  being  skimmed  off.  A  closer  knit  structure  and  voluminous 
frothing  results  if  excessive  quantities  are  used  but,  because  of  water 
solubility,  effervescent  froths  are  not  produced. 

Various  phenol  derivatives  closely  related  to  the  cresylic  acids  such 
as  high-boiling  coal  tar  distillates  and  creosotes  have  been  applied  as 
frothing  agents2'.  Completely  hydrogenated  tar  acids  are  reported  to 
show  a  marked  increase  in  froth  volume  over  that  exhibited  by  the 
usual  tar  acid  frothers.  For  example,  in  a  laboratory  flotation  machine 
the  froth  column  with  phenol  and  with  ortho-,  meta-,  and  para-cresols 
ranged  from  a  trace  to  1.25  in.  as  compared  to  0.5  to  2.25  in.  with  the 
corresponding  hydrogenated  compounds28.  Propyl  phenol  is  indicated 
to  be  a  good  frothing  agent24  as  also  are  alkylated  crude  low-boiling 
cresylic  acids ;  such  frothers  containing  alkyl  groups  of  2  to  5  carbon 
atoms  and  particularly  the  propyl  and  butyl  derivatives  are  pre- 
ferred2y. 

While  monohydroxy  compounds  are  the  chief  frothers  in  current 
use,  certain  products  containing  two  hydroxyl  groups  are  strong 
frothing  agents.  For  example,  tetramethyl  ethylene  glycol  is  recom¬ 
mended  as  a  frother30.  n-Hexyl  resorcinol  is  indicated  to  have  frothing 
properties  and  n-octyl  and  n-nonyl  resorcinol  have  given  good  results 
on  lead  ores24.  Dihydroxyphenols  such  as  catechol,  quinol,  resorcinol, 
orcinol,  n-amyl  resorcinol,  iso-amyl  resorcinol,  and  isohexyl  resorcinol 

are  poor  frothers"4. 

Aldehydes,  particularly  aldehyde  condensation  products  such  as 
aldol,  acid  condensation  products  of  aldol,  polymers  such  as  paraldol, 
dehydration  products  such  as  crotonaldehyde,  aldehyde  resins  rom 
alkali  condensations  of  acetaldehyde,  acid-treated  aldol,  etc.,  have 
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been  recommended  as  flotation  frothers  in  the  range  of  0.2  to  0.5 
lb/ton31. 

Ketones,  particularly  those  which  are  water-insoluble  (e.g.,  dipropyl 
ketone)  are  flotation  frothers32.  Condensation  products  from  acetone 
such  as  mesityl  oxide,  phorone  and  isophorone,  and  similar  condensa¬ 
tion  products  from  methyl  ethyl  ketone  froth  when  added  to  ore  pulps 
in  amounts  of  0.1  to  0.2  lb/ton33. 


Section  16.  Alkyl  and  alicyclic  glycolates,  CH2OHCOOR  (R  = 
radicals  of  1  to  12  carbon  atoms,  e.g.,  isobutyl,  cyclohexyl,  dodecyl), 
are  described  as  useful  frothing  agents  in  the  flotation  of  sulfide, 
nonsulfide,  and  nonmetallic  minerals34.  These  frothers  also  show  some 
collecting  properties  for  certain  minerals  such  as  molybdenite. 

Secondary  and  tertiary  aromatic  alcohols  (9  to  12  carbon  atoms) 
have  been  used  as  frothing  agents35,  including: 


8-p-cymenol 

ar,a-dimethylbenzyl  alcohol 
a,a,a',a'-tetramethyl-a,a-xylene  diol 
a,  p-dimethylbenzyl  alcohol 
a-ethyl-a-methylbenzyl  alcohol 
a-ethyl  benzyl  alcohol 
a,a-dimethylcuminyl  alcohol 
a-isobutylbenzyl  alcohol 
a^a^a'-trimethyl-a^a'-p-xylenediol 

Certain  hydroperoxides  are  reported  to  be  effective  frothing  agents 
in  the  flotation  of  sulfide,  oxide,  and  nonmetallic  ores. 

Secondary  cyclic  hydroperoxides36  of  6  to  15  carbon  atoms  (pre- 
erred  range  is  8  to  13  carbon  atoms)  of  formula: 


R.  H 


C 


/ 


\ 


where 


R2  OOH 


Ri  =  cyclic  radical 

R>  =  cyclic  or  aliphatic  radical 


RiRjCH*  Typical  ^  ^ 

a-methylbenzyl  hydroperoxide  from  ethylbenzene 
a-methyl-p-ethylbenzyl  hydroperoxide  from  « 

diphe„y,methylhydr„peroxid^romlHXCSebenZene 
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Related  frothing  agents  are  the  secondary  cyclic  hydroperoxides'*1' 

ot  formula  CHOOH,  where  the  carbon  atom  is  in  the  ring  of  a 

cyclic  compound.  Such  compounds  are  obtained  by  oxidation  of  di- 
pentene,  carvomenthene,  a-  and  /3-pinenes  and  other  cyclic  terpenes, 
and  also  other  cyclic  compounds  such  as  tetrahydronaphthalene, 
decahydronaphthalene,  cyclohexene,  and  substituted  cyclics. 

Mono-  and  di-hydroperoxides  such  as  the  a  ,a-dialkylarylmethyl 
hydroperoxides  also  are  frothers*7.  rrhese  compounds  are  of  formula: 

It,  X 

C 


It,  Ar 

where  Ri  and  R>  are  alkyl  groups;  Ar  is  an  aryl  or  alkaryl  group;  and 
X  is  the  hydroperoxy  group  (OOH). 

Typical  of  these  frothing  agents  are  a,a-dimethyl-p-methylben- 
zyl  ,a,a-dimethylbenzyl,  and  a , a-dimethyl-p-isopropylbenzyl  hydro¬ 
peroxides  obtained  by  the  oxidation  of  p-cymene,  cumene,  and 
diisopropylbenzene  8,  respectively.  From  the  latter  compound,  «,a, 
a' }  a^-tetramethyl-p-xylene  dihydroperoxide  may  be  obtained  also. 
The  aryl  or  alkaryl  group  may  be  derived  from  compounds  such  as 
benzene,  naphthalene,  anthracene,  phenanthrene,  and  various  i elated 
alkaryl  substituted  products. 

The  above  hydroperoxides  are  reported  to  show  virtually  no  col¬ 
lecting  properties. 


Section  17.  Trialkoxy  paraffins  (e.g.,  1,1,3-trimethoxypropanes) 
and  similar  propoxy  and  isopropoxy  compounds  are  stated  to  be  good 
frothers39  as  are  similar  butane  derivatives.  These  frothing  agents  are 
claimed  to  be  more  powerful  and  more  selective  than  conventional 
frothers  and  to  show  less  tendency  to  flatten  the  froth  column,  if  an 
excess  is  used.  The  reaction  product  ot  crotonaldehyde  and  ethy 


alcohol  is  a  preferred  frother  of  this  type. 

Tetraalkoxy  paraffins  with  2  to  5  carbon  atoms  in  the  pa.affi 
chain  and  a  pair  of  alkoxy  radicals  selected  from  methoxy  ethoxy, 
normal  propoxy,  and  isopropoxy  on  the  terminal  atoms  (e.g.,  1,1, 


FRO  TH  FLO  T A  T ION 


20  I 


2 , 2-tet  raet  hoxyethane,  1 , 1 , 5 , 5-tetraethoxypentane,  etc*.),  are  re¬ 
ported  to  he  effective  frothing  agents4". 

Pyridine,  quinoline,  and  various  nitrogen  bases  including  those 
obtained  from  petroleum  have  frothing  properties41  and  tend  to  be 
specific  promoters  for  certain  sulfides.  For  example,  petroleum  nitro¬ 
gen  bases  such  as  mixtures  of  alkylated  heterocyclic  nitrogen -bearing 
compounds  boiling  between  120-630°F  are  frothers-promoters  for 
zinc  sulfide  ores42.  Lower  quantities  of  the  conventional  frothers  are 
reported  to  be  required  when  materials  of  this  type  are  used. 

The  water-soluble  salts  of  cymene  sulfonic  acid,  e.g.,  sodium  p- 
cymene  sulfonate,  are  reported  to  act  as  selective  frothers  in  the 
flotation  of  lead,  zinc,  and  copper  ores43. 


Some  Compositions  with  Frother-Collector  Properties 

Section  18.  Miscellaneous  compounds  such  as  naphthalene  in  solid 
form  or  as  a  solution  in  hydrocarbons44;  terpene  hydrate46;  alkyl  thi¬ 
ocyanates46;  certain  esters;  water-soluble  half  ester  salts  such  as 
sodium  monoabietyl,  mono-octyl,  monodecyl,  and  mono-octadecyl- 
phthalates  ;  and  aliphatic  dinitriles4  are  mentioned  as  frothers  and 
collectors.  Mixtures  of  primary  and  secondary  unsaturated  amines 
have  frothing  as  well  as  collecting  properties49. 

Saturated  hydrocarbons  do  not  froth  and  unsaturated  hydrocarbons 
are  reported  to  show  limited  frothing  tendencies30.  However,  hydro¬ 
carbons  are  naturally  present  in  such  frothers  as  pine  oil22'  23 ’and  are 
added  as  extenders  and  froth  stabilizers  to  the  alcohols50  and  cresylic 
acid  frothers.  Hydrocarbons  in  combination  with  frothers  are  com¬ 
monly  used  in  the  flotation  of  readily  floatable  minerals  such  as 
graphite,  molybdenite,  and  coal  and  also  enhance  the  collecting  action 
of  anionic  and  cationic  agents  by  increasing  the  water  repellency  of 
various  nonmetallic  minerals.  Hydrocarbons  are  frequently  applied 

oi  thlf  pUrpose  when  sllmes  are  encountered  in  flotation  either  by 
natural  occurrence  m  the  ore  or  formed  by  abrasion  during  the  flota 
tron  operation.  In  certain  floats  hydrocarbons  serve  to  control  volu¬ 
minous  frothing  and  improve  froth  structure. 

Other  Froth-Producing  Materials 

s=5a=s 
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Various  extracts  obtained  by  solvent  or  alkali  treatment  of  the 
naturally  occurring  petroleum-water  mixtures  from  oil  wells,  tar  oils, 
sulfur-bearing  petroleum  oils,  shale  oils,  still  residues  and  gases,  wood 
oils,  and  tar  products  have  frothing  properties  and  were  utilized  in 
the  early  flotation  period.  In  certain  cases  the  oils  thus  extracted  were 
recovered  by  distillation  or  acid  treatment  of  the  alkaline  extract 
and  were  used  as  frother-collectors51. 

Products  of  destructive  distillation,  oxidation,  and  cracking  proc¬ 
esses  have  found  use  as  frother-collectors.  These  include  the  products 
obtained  from  the  destructive  distillation  of  sage  brush52,  oleic  acid, 
cottonseed  oil,  wood,  gas  oils,  cellulose  carbohydrates,  bitumen,  bi¬ 
tuminous  coal53,  grease  wood'4,  and  gilsonite55.  Oxidation  products  ot 
hydrocarbons  occurring  in  petroleum,  shale  oil,  waxes,  and  oils  ob¬ 
tained  from  the  low-temperature  distillation  of  coal  are  reported  to 
be  frothers;  these  products  contain  fatty  acids,  aldehydes,  alcohols, 
and  waxes56.  Small  amounts  of  petroleum  hydrocarbon  sulfonates 
have  been  used  with  certain  of  these  products0'. 


Alkali-treated  wood  pitch,  rosins,  coal  and  wood  tars,  creosotes, 
and  shellac  found  application  as  flotation  oils  with  frothing-collecting 
properties  during  the  early  period  of  flotation  .  In  certain  cases  solu¬ 
tions  of  these  materials  in  alcohols  or  hydrocarbons  were  employed. 
Also  the  solids  obtained  from  drying  the  alkaline  aqueous  extracts 

have  been  used59. 

Fatty  acids  and  soaps  are  collectors  for  a  variety  ol  minerals  and, 
as  indicated,  frequently  produce  sufficient  froth  volume  so  that  froth¬ 
ing  agents  such  as  pine  oil,  the  higher  alcohols,  and  cresylic  acid  need 
not  be  added,  or,  if  required,  frequently  may  be  used  m  small  amounts. 
While  the  chief  agents  of  this  type  in  current  use  are  tall  oil  and  oleic 
acid  and  their  soaps,  other  similar  or  related  materials  find  a  p  ace 
particularly  in  nonmetallic  flotation ;  such  agents  include  black  liquor 
soap  from  the  paper  industry,  alkali  resinates,  naphthenic  acids  and 
their  soaps,  and  the  by-products  of  the  refining  of  fatty  acids  and 
glyceride  oils  (still  bottoms,  foots,  etc.)  which  are  usually  applied  in 

saDonified  or  emulsified  form  .  . 

Numerous  references  to  the  use  of  sulfonated  and  sultated  com¬ 
pounds  as  frothers  and  collectors  may  he  found  m  Mat  .on ligature. 
A  variety  of  such  materials  has  been  recommended  including  sul 
fonated  oils  and  fatty  acids,  hydrocarbon  sulfonates,  refinery  sludges, 
olefin-sulfuric  acid  reaction  products,  naphthalenesulfomc  acids, 
cohol  sulfates,  alkyl  phenol  sulfonates,  lignin  sulfonates,  and  various 
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other  sulfonated  products.  Sulfonates  frequently  find  use  as  emulsi¬ 
fying  agents  for  hydrocarbons  and  oily  promoters  such  as  fatty  acids 
and  accordingly  aid  in  the  production  of  froth  in  certain  flotation 
operations. 

Flotation  Machines:  Operating  Principles 

Section  20.  Patent  literature  on  flotation  equipment  lists  many 
flotation  machines  of  which  only  a  very  small  number  have  found 
their  way  into  wide  practical  use.  To  present  information  on  or  even 
to  describe  briefly  the  flotation  cells  currently  employed  is  beyond 
the  scope  of  this  chapter.  Such  information  is  available  from  other 
sources2e  and  a  summary  of  the  operating  principles  will  be  given  for 
the  more  common  types  of  flotation  cells. 

These  cells  are  open  top  vessels  through  which  the  ore  pulp  is  con¬ 
ducted  continuously  and  include  means  for  simultaneously  agitating 
and  aerating  the  pulp  usually  in  the  lower  portions  of  the  cell ;  means 
for  establishing  a  quiescent  zone  in  the  upper  portions  of  the  cell, 
toward  which  the  pulp  is  directed  by  the  combined  action  of  agitation 
and  lifting  effect  of  the  bubbles  and  where  the  bubble  aggregate  or 
froth  column  forms  to  allow  selective  separation  of  the  wanted  min¬ 
eral  product  from  the  unwanted  fractions  of  the  ore;  and  finally  means 
for  removal  of  the  mineral  concentrate  from  the  froth  column  for 
further  treatment  and  recovery  and  for  removal  of  the  rejected  tailing 
pioduct.  i  he  importance  of  the  froth  or  bubble  column  as  a  selective 
separating  medium  has  been  illustrated  earlier  in  this  chapter  in 
section  5. 

Air  was  introduced  directly  into  the  pulp  by  agitation  in  the  early 
period  of  flotation  when  large  quantities  of  oil  were  used  but  this 
method  of  aeration  is  not  in  common  use  in  current  plant  practice. 
Aeration  by  cascading  or  tumbling  the  pulp  was  also  employed  and! 
though  cells  of  this  type  were  utilized  at  certain  plants,  their  applica¬ 
tion  has  been  limited,  since  only  the  easily  floated  ores  respond  to  this 
type  of  treatment. 


Section  21.  1  he  main  types  of  flotation  machines  which  now  find 
widest  practical  application  are  two:  (1)  the  pneumatic  cell  and  (2) 
the  subaeration  cell.  It  will  be  apparent  that,  since  the  flotation 
p  ocess  depends  on  aeration,  the  two  types  differ  in  the  method 
■  zed  in  introducing  and  dispersing  air  into  the  ore  pulp  The  pneu 
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matic  cells  blow  air  directly  into  the  pulp.  The  subaeration  cells  are 
ot  two  types.  In  the  first  a  rotating  impeller  serves  as  a  pump  sub¬ 
merged  in  the  ore  pulp,  which  draws  in  air  usually  through  the  hollow 
shaft  ot  the  impeller  or  through  a  suction  pipe  connected  to  the  im¬ 
peller  zone  and  distributes  this  air  into  the  pulp.  In  the  second  class, 
air  is  blown  into  the  agitation  zone,  usually  at  the  base  of  the  impeller, 
and  is  distributed  through  the  pulp  by  the  rotation  of  the  impeller. 

Two  factors  are  important  in  cell  design:  (1)  to  provide  a  volume 
as  large  as  possible  for  aerating  the  pulp  and  directing  it  into  the 
bubble  column  at  the  surface  and  (2)  to  move  the  pulp  through  the 
cell  for  discharging  and  also  to  prevent  dead  areas  in  the  cell  which 
rob  it  of  effective  aerating  volume. 


Section  22.  Fig.  022f  and  the  ensuing  discussion  which  follows 
closely  similar  information  presented  by  Taggart26  describe  the  oper¬ 
ating  principles  of  several  types  of  flotation  cells. 

Diagram  A  represents  a  pneumatic  cell  in  which  air  is  introduced 
into  the  pulp  through  a  porous  medium  forming  the  bottom  of  the 
cell.  The  early  pneumatic  cells  such  as  the  Callow  type  "  utilized 


canvas  and  later  rubber  mats  as  such  porous  media  to  provide  fine 
air  bubbles.  Aerating  media  of  this  type  were  subject  to  blinding  due 
to  the  deposition  of  carbonates  from  action  of  carbon  dioxide  in  the 
air  on  the  pulp  and  the  accompanying  cementation  of  ore  fines.  To 
relieve  such  clogging  the  cell  had  to  be  emptied  at  frequent  intervals 
and  the  aerating  medium  washed  with  acid,  brushed,  or  pounded  to 
dislodge  the  sediment.  Diagram  A  indicates  that  this  type  ot  cell 
makes  practically  all  of  its  entire  volume  available  for  pulp  aeration. 
However,  this  type  of  aeration  has  a  tendency  to  produce  large-size 
bubbles  and  also  is  not  highly  effective  for  moving  pulp  through  the 
cells,  factors  which  affect  the  over-all  efficiency  of  the  cell. 

The  Macintosh  cell63  was  a  modification  of  the  porous-bottom  cell. 
The  pulp  was  aerated  through  a  porous  medium,  canvas  or  perforated 
rubber,  wrapped  around  a  perforated  pipe  which  rotated  near  the 
bottom  of  a  V-shaped  vessel,  as  illustrated  in  Diagram  B.  Aeration  is 
more  efficient  and  less  tendency  to  blind  was  noted.  Large  bubb  es 
and  accompanying  turbulence  in  the  center  of  the  cell  were  common 

in  operating  practice. 

Diagram  C  shows  the  introduction  of  air  by  cascading  and  th  . 
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of  a  baffle,  a,  to  prevent  short-circuiting  of  pulp;  as  indicated  above, 
such  cells  provided  a  low  supply  of  air  and  accordingly  found  limited 
use. 

To  overcome  the  blinding  of  porous  aerating  media  and  the  accom¬ 
panying  loss  of  aerating  efficiency,  currently  used  pneumatic  cells 
introduce  air  by  means  of  pipes  which  point  downward  to  the  bottom 
of  the  cell  and  utilize  the  principle  of  the  air-lift  to  aerate  and  circu¬ 
late  the  pulp.  The  incoming  air  lifts  the  pulp,  as  diagrammed  in  1), 


Air 


Figure  62.  Operating  principles  of  some  flotation  cells.  Reprinted  with  per¬ 
mission  from  Taggart’s  “Handbook  of  Mineral  Dressing,”  1948,  John  Wilev  & 
Sons,  Inc. 


through  inclined  baffles  and  directs  it  through  a  hood  equipped  with 
perforated  baffles  which  provide  a  quiescent  zone  in  which  the  froth 
column  may  form.  A  finer  dispersion  of  air,  less  pulp  turbulence,  and 
more  efficient  movement  of  pulp  through  the  cell  are  obtained  with 
some  sacrifice  ot  volume  available  for  aeration.  The  Forrester  cell84 
".is  tie  Hist  of  the  air-lift  type  to  find  plant-scale  application  By 
modifying  the  height  of  the  air  lift  above  the  pulp  level  the  type  of 
deflecting  baffles  above  the  air-lift  and  their  posUion  a’nd  depTh  h, 

cmm'F)  !  y’  thf  Sizekand  shaPe  ot  the  housing  vessel  (see  Dia¬ 
gram  f„),  a  variety  ot  such  cells  have  been  created.  These  include 
thi  Hunt,  or  Hunt-Dunn,  and  the  Steffensen  cells. 
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Section  23.  Diagrams  F,  G,  H,  I ,  and ./  illustrate  subaeration  cells 
of  various  types  and  show  schematically  the  effect  of  various  types 
of  impellers  and  baffles  on  aeration. 

Aeration  by  means  of  simple  agitation  of  an  impeller  is  illustrated 
in  Diagram  F\  incomplete  coverage  of  the  surface  with  froth  and 
considerable  turbulence  because  of  poor  distribution  of  air  are  shown. 

Diagrams  G,  H ,  /,  and  J  illustrate  the  operation  of  subaeration 
cells  and  the  effect  of  their  design  on  the  volume  of  pulp  available 
for  aeration.  Both  types  of  cells  in  this  class — those  obtaining  air 
from  an  outside  blower  or  by  pumping  action  of  the  impeller — dis¬ 
tribute  the  supplied  air  by  the  agitation  of  the  impeller;  control  tur¬ 
bulence  in  the  pulp  by  the  use  of  horizontal  grids,  vertical  baffles, 
etc.;  and  thus  provide  for  a  quiescent  zone  in  the  pulp  and  super¬ 
natant  froth  column  at  the  surface. 

In  Diagram  G  the  impeller  has  been  reversed  from  that  in  Diagram 
F  and  perforated  plate  baffles  or  grids  have  been  inserted  above  the 
impeller  to  break  the  turbulence  in  the  pulp;  the  effect  on  aeration 
and  frothing  is  apparent  by  a  comparison  to  Diagram  F . 

Diagram  H  illustrates  shrouding  the  impeller  at  the  top  and  side 
baffling  to  control  swirling  in  the  pulp,  factors  which  give  finer  dis¬ 
persion  of  air  and  are  incorporated  into  flotation  cells  such  as  those 
of  the  Agitair6ja  and  Weinig65b  types.  Similar  baffling  with  top-  and 
bottom-shrouded  impellers  are  used  in  the  Mineral  Separation  type 
cell6'®  or  the  Denver  Sub-A  (Fahrenwald)  machine,1 6x1  the  latter  em¬ 
ploying  a  bladed  shroud  above  the  impeller  to  achieve  fine  dispersion 

of  air. 

In  the  Fagergren  machine6oe  the  impeller  is  a  vertical  lotoi  of  the 
squirrel  cage  type  which  operates  under  a  standpipe  extending  from 
above  the  pulp  surface  down  to  a  squirrel  cage  stator  whose  vertical 
bars  surround  the  rotor  (illustrated  in  Diagram  J).  Rotation  of  the 
rotor  draws  air  down  through  the  standpipe,  mixes  it  with  the  pulp, 
and  forces  this  mixture  through  the  bars  of  the  stator,  thus  causing 
an  intense  shearing  action  and  the  formation  of  fine  bubbles  which 
rise  through  the  body  of  the  pulp  to  form  the  bubble  column  at  the 
surface.  It  is  apparent  that  this  type  of  cell  makes  available  lor  aera¬ 
tion  a  large  proportion  of  its  volume. 


Section  24.  Time  of  residence  of  the  pulp  in  flotation  machines 
should  be  sufficient  to  achieve  maximum  recovery  of  the  wanted 
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mineral  in  a  flotation  concentrate  and  to  allow  for  the  further  up¬ 
grading  of  this  concentrate  by  reflotation.  Small-scale  batch  flotation 
tests  on  an  ore  will  provide  a  good  estimate  of  the  time  requirements 
and  indicate  the  cell  capacity  necessary  for  the  continuous  treatment 
of  large  tonnages  of  ore.  In  practice  this  capacity  is  provided  fre¬ 
quently  by  arranging  several  similar  cells  in  series  so  that  the  pulp 
is  subjected  to  the  successive  agitating-aerating-transporting  actions 
of  several  mechanisms  until  the  desired  recovery  is  attained  and  the 
tailing  product  discharged.  In  other  cases,  several  of  mechanisms  of 
a  unit  cell  are  placed  in  series  within  a  single  vessel. 

In  a  flotation  operation  involving  the  separation  of  one  mineral 
(or  group  of  related  minerals,  e.g.,  several  copper-bearing  minerals 
in  one  and  the  same  ore)  from  gangue,  the  ore  commonly  is  subjected 
to  a  roughing  float  which  is  directed  to  obtaining  a  concentrate  of  as 
high  grade  as  possible  and  to  producing  a  discardable  tailing  low  in 
content  of  the  floated  mineral.  Within  limits  the  emphasis  in  roughing 
is  on  mineral  recovery  rather  than  on  grade  since  the  rough  concen¬ 
trate  may  be  upgraded  (or  cleaned)  by  one  or  more  cleaning  flotation 


steps  to  achieve  the  grade  in  the  final  concentrate  as  set  by  specifica¬ 
tion  and  obtain  as  high  a  ratio  of  concentration  as  possible. 

Flotation  cells  are  arranged  so  that  the  rough  concentrate  is  flowed 
directly  to  cleaning  cells;  similarly  cleaned  concentrates  may  be  re¬ 
cleaned  as  required.  The  tailing  product  from  the  above-described 
roughing  operation  is  usually  pumped  to  waste.  The  tailings  from 
cleaning  also  may  be  discarded,  if  sufficiently  low  in  values,  but  gen¬ 
erally  they  are  high  enough  in  grade  to  warrant  reworking  and  are 
recirculated  (e.g.,  returned  to  the  roughing  float);  such  return  repre¬ 
sents  a  circulating  load  on  the  flotation  cell  in  addition  to  the  freshly 
introduced  flotation  feed  of  pulp.  Flotation  capacity  required  in  clean¬ 
ing  is  considerably  less  than  in  roughing,  since  the  feed  to  cleaning  is 
on  y  a  portion  of  the  total  pulp  originally  fed  to  the  flotation  system 
n  the  case  of  ores  containing  two  different  valuable  mineral  con¬ 
stituents  differential  flotation  practice  usually  is  to  remove  one  of 
the  values  in  a  roughing  float  and  to  send  the  tailings  from  this  opera 
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it  enters  the  cell  or  to  the  first  cell  in  a  series  operation.  Stage  feeding 
of  reagents  during  roughing  and  cleaning  is  commonly  practiced,  if 
such  is  required.  Frothers  frequently  are  thus  stage-fed  to  maintain 
adequate  froth  volume  throughout  the  operation.  In  many  cleaning 
floats  it  is  unnecessary  to  add  further  quantities  of  reagents,  since 
carry-over  on  the  concentrate  or  in  the  accompanying  water  from 
the  roughing  step  is  sufficient  to  maintain  satisfactory  promotion- 
frothing  in  the  cleaning  cells. 

Applications  of  Froth-Producing  Agents  in  Flotation 


Section  25.  Applications  of  frothers  and  collecting  agents  with 
frothing  properties  will  be  described  by  means  of  examples  of  flota¬ 
tion  separations  on  various  types  of  ores.  These  examples  for  the  most 
part  are  taken  from  actual  operating  practice. 

Sulfide  minerals  may  be  considered  as  a  class.  It  is  general  practice 
to  float  sulfides  by  the  use  of  the  sulfhydril  collectors  with  suitable 
modifying  agents  as  needed  and  the  conventional  frothers  such  as 
pine  oils,  cresylic  acids,  the  higher  alcohols,  and  certain  of  the  frothing 
dithiophosphates.  Frother  consumption  is  generally  in  the  range  of 
0.02  to  0.2  lb/ton  of  ore  treated. 

Nonmetallic  minerals  such  as  calcite  in  cement  rock,  fluorite,  cal¬ 
cium  phosphate,  barite,  and  magnesite  are  amenable  to  flotation  with 
anionic-type  collecting  agents  such  as  fatty  acids,  soaps,  and  other 
similar  anionic  collectors  which  frequently  provide  sufficient  froth 
to  support  the  mineral  concentrate  so  that  additional  frothing  agent 
is  not  added.  However  additions  of  frothers,  particularly  the  alcohol 
frothers,  are  made  to  supplement  the  frothing  action  of  the  collecting 


agent  in  certain  floats. 

Cement  rock  is  beneficiated  by  flotation  treatment  to  yield  calcite 
(calcium  carbonate)  concentrates  of  sufficiently  high  grade  to  allow 
blending  with  raw  rock,  iron  oxides,  silica,  etc.,  thus  giving  kiln  feeds 
of  composition  such  that  cements  of  desired  characteristics  will  be 
produced.  On  certain  Pennsylvania  cement  rocks  containing  carbon 
the  practice  is  to  float  off  a  portion  of  the  carbon  with  an  alcohol-type 
frother,  and  then  float  the  calcite  by  the  use  of  oleic  acid  and,  in  cer¬ 
tain  cases,  mixtures  of  fatty  and  resin  acids  such  as  occur  in  tall  oil, 
in  the  presence  of  lignin  sulfonates  to  depress  the  remaindei  o  i< 
carbon66  The  promoter  is  stage-fed  during  the  float  along  with  alcohol- 
type  frothers.  Emulsions  of  fatty  acids  of  various  types  are  used  also. 
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Requirements  of  fatty  acid  and  frother  are  0.5  to  1.0  lh/ton  and  0.1 
to  0.2  lb/ton,  respectively. 

Magnesite  (magnesium  carbonate)67  responds  readily  to  flotation 
treatment  with  oleic  acid  as  collector.  Siliceous  impurities  are  first 
floated  off  with  frothers  such  as  pine  oil  and  methyl  isobutyl  carbinol 
or  by  the  use  of  cationic  reagents.  The  resulting  tailings  are  floated 
in  the  presence  of  oleic  acid  to  concentrate  magnesite  and  tannin 
compounds  such  as  quebracho  for  the  depression  of  calcite  and  dolo¬ 
mite  gangues. 


Section  26.  The  phosphate  constituents  from  Florida  phosphate 
rock  are  amenable  to  flotation  with  tall  oil  and  reagents  of  the  fatty 
acid  type68.  1  he  flotation  feed  is  deslimed  thoroughly  and  thickened 
to  allow  conditioning  at  high  solids  with  caustic,  heavy  fuel  oil,  and 
tall  oil,  and  floated  to  produce  a  phosphate  concentrate  which  may  be 
cleaned  by  refloating.  The  concentrate  grade  may  be  raised  further 
by  continued  cleaning  with  some  sacrifice  in  phosphate  recovery,  but 
practice  is  usually  to  refloat  by  means  of  cationic  reagents69.  Phos¬ 
phate  concentrates  produced  as  above  are  treated  with  sulfuric  acid 
to  remove  collector  coatings  and  then  subjected  to  flotation  with 
long-chain  amine  salts  such  as  the  acetates  or  other  amine  derivatives 
in  combination  with  hydrocarbon  oils  such  as  light  fuel  oils  or  kerosene, 
\\  Inch  remove  silica  m  the  froth  and  leave  the  phosphate  concentrate 
as  a  tailing  product.  This  application  is  the  main  use  for  cationic 
reagents  m  flotation  at  the  present  time.  In  plant  practice  both  opera¬ 
tions  are  usually  conducted  without  addition  of  other  frothing  agents. 

Fluorite  (calcium  fluoride)  concentrates  are  produced71  from  ores 
containing  sihcious  gangues  by  flotation  with  about  1.0  lb/ton  oleic 

acid  Froth  provided  by  the  fatty  acid  collector  is  usually  adequate 
for  these  separations.  4 

Barite  (barium  sulfate)  is  floated  by  the  use  of  fatty  acids  and  soaps 
as  collectors  in  the  presence  of  caustic,  sodium  carbonate,  sodium  sih- 

W  T  ‘T  ? m°  as  inhibitors  of  lime-  and  iron-bearing  gangues” 
Recently  oil-soluble,  water-dispersible  petroleum  sulfonate  reagents 


Con- 
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laminating  sulfide  minerals,  if  present,  are  first  removed  with  con¬ 
ventional  sulfide  promoters  and  frothers  and  the  resulting  tailings 
treated  with  quebracho,  sodium  silicate,  and  sodium  carbonate  as 
gangue  depressants  and  with  oleic  acid  or  tall  oil  as  collectors  for  the 
tungsten  minerals.  The  tungsten  content  of  such  ores  is  generally  low 
and  accordingly  a  high  rejection  of  gangue  is  demanded.  For  this 
purpose  a  lacey  froth  structure  is  preferred,  which  will  bear  up  the 
relatively  light  tungsten  concentrate  but  at  the  same  time  allow  the 
elimination  of  gangue  from  the  froth  column;  this  is  achieved  by  use 
of  sulfonated  hydrocarbon  reagents  of  the  detergent  and  wetting 
agent  type  or  certain  rosin  soaps.  The  sulfonated  reagents,  though 
imparting  the  required  froth  structure,  must  be  used  in  small  quanti¬ 
ties  as  otherwise  depression  of  tungsten  minerals  occurs. 

Combinations  of  oil-soluble,  water-dispersible  petroleum  sulfonates 
and  the  fatty  acids  such  as  those  contained  in  cottonseed  oil  foots  are 
utilized  to  float  rhodocrosite  (manganese  carbonate)  in  the  presence  of 
caustic  soda  or  sodium  carbonate  and  sodium  silicate  as  depressants 
for  silicate  gangue.  The  use  of  these  sulfonates  improves  frothing, 
facilitates  visual  control  of  the  flotation  operation,  and  gives  generally 
improved  metallurgy. 

Manganese  oxides  are  floated  with  tatty  acids,  soaps,  and  sulfonated 
reagents  used  in  conjunction  with  fuel  oils.  Ihe  harder,  moie  ciystal- 
line  varieties  are  indicated  to  be  readily  floatable  but  the  fine,  amor¬ 
phous  oxides  respond  to  flotation  only  when  extremely  large  quanti¬ 
ties  of  reagents  are  employed;  consequently  low-price  promotors  such 
as  black  liquor  soap  and  fatty  acid  by-products,  along  with  hydro¬ 
carbon  oils,  are  used  in  these  cases. 


Section  27.  During  recent  years  considerable  interest  has  been 
shown  in  the  flotation  of  low-grade  iron  ores,  particularly  of  those  ores 
showing  intimate  association  of  iron  minerals  and  quartz  gangue.  the 
chief  iron  mineral  in  such  ores  is  hematite  with  some  magnetite  anc 
varying  quantities  of  other  oxidized  iron  minerals.  Several  methods 
of  treatment  have  been  suggested  and  have  been  evaluated  on  a  pi  o 
plant  scale  based  on  the  two  obvious  possibilities  of  separation,  th 
flotation  of  iron  from  quartz  and  a  quartz-from-iron  flotation  It  ha. 
been  proposed  to  float  iron  directly  by  first  condit.onmg  he  prdp 
with  sulfuric  acid,  desliming  and  washing,  treating  with  alkali  to  g 
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a  pH  of  8.0  to  9.0,  and  floating  with  emulsions  of  tall  oil  soaps,  sodium 
resinates,  and  fuel  oil  as  collectors74. 

Sulfonated  anionic  collectors  of  various  types  also  are  used'0.  The 
ore  is  conditioned  in  acid  circuit  with  the  sulfonated  reagent  and  fuel 
oil  and  floated.  Typical  reagent  consumptions  are  1.0  to  3.5  lb/ton 
sulfonate  collector  with  an  equal  range  of  fuel  oil  and  0.5  to  3.0  lb/ton 
sulfuric  acid.  The  sulfonate  type  collector  usually  supplies  sufficient 
froth  so  that  no  frother  additions  are  necessary.  In  certain  cases  the 
use  of  frothers  in  the  latter  stages  of  this  float  aids  in  removing  the 
last  portions  of  the  floated  iron  minerals. 

Silica  is  floated  from  iron  by  the  use  of  anionic  collectors  such  as 
fatty  acids,  resin  acids,  tall  oil,  and  their  soaps  in  the  presence  of 
various  modifying  agents'6.  Lime  and  lime  with  starch  in  various 
forms  are  used  for  this  purpose  as  also  are  lime  in  combination  with 
lignin  sulfonates,  tannins,  alkaline  phosphates,  alkaline  polyphos¬ 
phates,  and  portland  cement  in  combination  with  starch.  The  presence 
ol  the  alkali  activates  the  silica  and  other  auxiliary  modifiers  serve  to 
depress  iron  into  the  tailing  product  during  the  flotation  of  the  silica. 
Conventional  frothers  are  used  in  certain  of  these  floats. 

Cationic  reagents  such  as  the  long-chain  amine  salts  are  also  used 
in  removal  of  silica  from  iron'7.  The  circuits  employed  are  usually 
alkaline,  and  sodium  sulfide,  ammonium  compounds  such  as  the 
hydroxide  and  carbonate,  alkali  metal  hydroxides  and  carbonates,  and 
acid-  and  alkali-treated  starches  are  used  as  modifying  agents.  Various 

f i  others  and  particularly  the  higher  alcohol  frothers  are  used  in  such 
floats. 

Garnet,  particularly  the  almandite  variety,  is  floated  by  means  of 
fuel  oil  and  various  sulfonated  reagents78.  Oil-  and  water-soluble  petro¬ 
leum  sulfonates  of  the  mahogany  soap  type  and  the  green  acid  type 
are  used  for  this  purpose,  and  other  sulfonates  such  as  sulfonated 
atty  acids  and  glyceride  oils  also  have  been  recommended.  The  higher 
a  <  ohols  are  used  in  practice  as  frothing  agents. 

Other  silicate  minerals  such  as  tafc  also  respond  to  sulfonate  col¬ 
lectors79  Kmmte  may  he  floated  with  sulfonated  or  fatty  acid  col- 

.|TheLla,i0n  0f  tlTfU:  (iron  titanium  oxide>  with  fatty  acids  tall 
«  ,  and  their  soaps""  torms  a  basis  of  separation  between  ilmmft" 

and  apatite  in  certain  ores.  The  feed  is  first  deslimed  and  a  bull 

>  memte-phosphate  concentrate  produced  in  alkaline  circuit  (sodium 
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silicate,  sodium  hydroxide,  potassium  hydroxide,  ammonium  hydrox¬ 
ide);  this  bulk  concentrate  is  conditioned  with  causticized  starch  to 
depress  the  ilmenite  while  the  apatite  is  floated  oft'  with  fatty  acids, 
tall  oil,  and  other  related  anionic  collectors  in  the  form  of  the  free 
acids  or  soaps.  This  method  produces  ilmenite  concentrates  sufficiently 
low  in  phosphoric  anhydride  content  to  allow  their  use  in  the  prepara¬ 
tion  of  titanium  dioxide  pigments  and  provides  an  excellent  example 
of  an  application  of  the  flotation  method  for  obtaining  close  chemical 
control. 


Section  28.  Silica  is  floated  by  means  of  the  cationic-type  pro- 
motors  such  as  long-chain  amines  and  amine  derivatives  as  indicated 
above  in  the  description  of  the  treatment  of  phosphate  rock  hs  fi9'  °. 
These  compounds  are  usually  self-frothing,  but  the  standard  trot  hers 
are  used  frequently  in  such  separations.  The  alcohol  frothers  are  in¬ 
dicated  to  show  more  selectivity  than  pine  oil  and  cresylic  acids  and 
are  often  preferred  in  these  operations. 

Cationic  promotors  will  float  a  variety  of  silicate  minerals  and  are 
used  to  float  feldspars.  For  the  separation  of  quartz-feldspar,  cat  ionics 
are  utilized  to  float  the  feldspar  while  the  silica  is  depressed  by  the 
use  of  hydrofluoric  acid81.  Conventional  frothers  may  be  used  as  de¬ 
sired  in  such  separations. 

Iron-bearing  minerals  such  as  micas,  ilmenite,  iron  oxide  minerals, 
etc.,  which  are  contaminants  in  glass  sands  and  feldspars  aie  floated 
off  to  produce  a  tailing  sufficiently  low  in  iron  to  allow  its  use  in  the 
manufacture  of  glass  and  ceramics.  For  this  purpose  fatty  acids,  resin 
acids,  tall  oil,  naphthenic  acids,  and  certain  sulfonated  reagents  are 
used  in  combination  with  alkalies  and  various  alkaline  earth  metal 

salts82 

Cationic  agents,  mainly  long-chain  amine  salts,  have  been  applied 
to  sands  and  feldspars83.  A  two-step  flotation  treatment  has  been 
recommended,  which  utilizes  first  a  fatty  acid-fuel  oil  combination 
as  collector  in  alkaline  circuit  followed  by  a  second  treatment  involv¬ 
ing  the  addition  of  a  mineral  acid  and  flotation  with  a  cationic  reagent 
and  pine  oil  as  frother;  the  froth  products  are  discarded.  Catiomcs ar_ 
also  used  in  a  two-step  process  in  which  the  quartz  is  first  floated 
and  then  conditioned  with  acid  and  refloated  without  addi  ional  i  - 
agents  to  make  a  discardable  froth  product  am  a  low  iron  ta.  mg. 

Recently  sulfonated  reagents  such  as  the  petroleum  sulfonates  ot 
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the  oil-soluble  and  green  acid  types  have  been  applied  in  combination 
with  fuel  oil  in  acid  circuit  to  remove  the  iron-bearing  contaminants  . 


Section  29.  The  flotation  of  soluble  salts  as  sylvite  (potassium 
chloride)  or  halite  (sodium  chloride)  is  conducted  in  solutions  satu¬ 
rated  with  respect  to  the  soluble  constituents  of  the  ore.  Potassium 
chloride  may  be  recovered  by  direct  flotation  from  halite  or  by  re¬ 
moval  of  the  halite  by  flotation  leaving  the  potash  in  the  tailings 
product. 

Cationic  reagents  such  as  the  normal,  primary  amines  of  7  to  12 
carbon  atoms;  straight-chain  acyl  derivatives  of  ethylene  diamine 
(the  acyl  group  containing  10  to  18  carbon  atoms  from  such  fatty 
acids  as  lauric,  myristic,  and  cocoanut  oil  acids) ;  straight-chain  esters 
(6  to  12  carbon  atoms)  of  glycine;  certain  phosphonamides;  reaction 
products  of  amines  with  sulfur  chloride;  and  chlorinated  aminated 
hydrocarbons  are  used  to  float  sylvite  from  halite85.  Dextrin,  starches 
and  certain  colloids  such  as  glues,  lecithin,  casein,  and  methyl  cellu¬ 
lose  are  mentioned  as  conditioning  agents  in  combination  with  cationic 
promotors86.  Hydroxyethyl  cellulose  has  been  utilized  as  a  collector  in 
a  preliminary  float  designed  to  remove  slime  material  from  a  feed  to 
be  treated  by  an  amine  float87. 


Sylvite  also  has  been  concentrated  by  means  of  the  alcohol  sulfates 
of  chain  lengths  of  5  to  14  carbon  atoms88. 

Halite  is  selectively  separated89  from  sylvite  by  using  lead  or  bis¬ 
muth  salts  in  combination  with  cresols,  and  also  fatty  acids,  and  resin 
acids,  as  collectors.  Alkali  resinates;  fatty  acids  and  fatty  acid  soaps 
or  more  carbon  atoms);  naphthenic  acids  and  their  alkali  metal 
ammonium  and  alkanolamine  soaps;  cotton  seed  oils  saponified  with 
caustic  potash;  and  cumic  acid  and  its  alkali  and  alkaline  earth  metal 
soaps  have  been  recommended  as  collecting  agents  in  such  floats 

a'Ul  *he  high6r  a,C0h0'S  are  USed 

method^  T°hev '  "f?  T  fl°ated  °r  benefidated  by  the  flotation 
method  They  include  borax  and  boric  acid9",  ammonium  chloride 

iom  a  a  i  metal  nitrates  ,  sodium  chloride  from  sodium  sulfate92 

and  calcium  sulfate  from  sodium  chloride93.  '  ’ 
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in  combination  with  a  frother  as,  for  example,  pine  oil  or  the  higher 
alcohols.  Low  ash  concentrates  are  obtained  by  using  0.5  to  2.0  lb/ton 
fuel  oil  and  0.15  to  0.5  lb/ton  frothing  agent.  The  quantities  of  frother 
used  will  be  observed  to  be  larger  than  those  usually  employed  in 
other  flotation  separations;  such  quantities  are  required  to  obtain  a 
froth  which  will  persist  in  cleaning  flotation  to  allow  the  production 
of  concentrates  of  good  grade. 

Graphite  is  similarly  floated  with  a  frother-hydrocarbon  combina¬ 
tion.  Pine  oil  or  the  higher  alcohols  are  the  preferred  frothing  agents. 
Common  alkaline  dispersing  agents  are  also  employed. 

Sulfur  is  usually  readily  floated  with  a  frother-hydrocarbon  com¬ 
bination,  and  concentrates  of  high  grade  are  obtained  where  grinding 
will  free  the  sulfur  from  the  accompanying  gangues  such  as  gypsum 
and  silicates.  For  more  intimately  associated  ores  another  process 
involving  flotation  has  been  applied'  . 
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14. 

Section  1.  The  oldest  utilization  of  foam  originated  probably  be¬ 
fore  the  human  race.  There  are  several  insects  (so-called  spittle 
insects)  which  protect  themselves  by  froth.  The  froghopper  (belonging 
to  the  genus  Ph/ilaenus,  Cercopidae)  is  the  best  known  instance.  The 
nymph  of  this  species,  after  the  hatching  from  the  egg,  secretes  a 
froth  whose  volume  is  many  times  that  of  the  insect  and  then  lives 
under  this  froth  for  several  weeks.  The  froth  is  not  destroyed  by  rain 
or  by  direct  sun  rays.  Apparently  neither  the  physical  nor  the  chemi¬ 
cal  properties  of  this  “cuckoo  spit”  have  been  investigated,  and  the 
mechanism  of  froth  formation  by  the  nymph  also  seems  to  be  still 
in  doubt ;  some  authorities  believe  the  foam  to  be  of  pneumatic  origin 
while  others  say  it  is  produced  by  whipping.  No  data  could  be  found 
on  the  kind  of  protection  afforded  by  the  “spittle.’ 


Section  2.  Uses  of  foam  by  man  can  generally  be  classified  ac¬ 
cording  to  the  property  utilized,  although  in  some  instances  the  ad¬ 
vantages  of  foam  application  are  not  at  all  evident  and  m  others 
more  than  one  property  is  turned  to  account.  In  this  chapter  the 
material  is  presented  in  the  following  order: 


(a)  Foams  used  for  immobilizing  gas  or  liquid 

(b)  Foams  used  because  of  their  great  volume  or  great  interface 

(c)  Solid  foams 

(d)  Separation  of  suspended  or  dissolved  matter  by  foam 

(e)  Foams  used  for  measurement  or  analysis. 


Foams  Used  for  Immobilizing  Gas  or  Liquid 
Section  3.  Fire-fighting  foams  belong  to  this  group  but  are  dis¬ 
cussed  separately  (Chapter  12)  because  of  their  .mportonce^ 

In  fighting  gasoline  fires  foam  hinders  mixing  o  gas 
with  air.  Free  access  of  vapor  to  air  is  necessary  also  for  evaporat.0 
of  easoline  Hence,  this  evaporation  may  be  letaided  y 
gasoline  with  a  froth  of  air  or  carbon  dioxide  in  an  emulsion  of  so  p, 

water,  and  kerosene .  .  .  ,  rrv>o  fmth  on  the 

Fluxes  used  in  galvanizing  often  contain  frothers.  The  froth  on 
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surface  of  molten  zinc  is  supposed  to  retard  decomposition  of  the 
flux  (usually  ammonium  chloride)  and  to  reduce  spattering  of  the 
liquid.  As  frothers,  bran,  sawdust,  tallow,  and  similar  organic  ma¬ 
terials  are  employed.  Pentaerythrol  is  claimed  to  give  stable  froth 
(e.g.,  40  cm  thick)  without  unduly  contaminating  the  flux2. 

Insecticide  gases  can  be  blown  away,  and  insecticide  liquids  run 
down  to  the  ground.  When  gas  and  liquid  are  mixed  to  a  foam,  they 
remain  for  long  attached  to  the  foliage  which  has  to  be  freed  from 
insects.  Thus,  plants  are  sprayed  with  foams  produced  by  dissolving 
calcium  cyanide  in  water  containing  saponin  and  dispersing  air  in 
the  solution3  (see  also  ref.  4). 


Froth  can  also  be  made  by  mixing  two  suitable  salves  at  the  place 
of  application.  Thus  the  insecticidal  nicotine  sulfate  can  be  incor¬ 
porated  in  a  foam  which  forms  when  sodium  carbonate  or  bicar¬ 
bonate  is  mixed  with  tartaric  acid  or  aluminum  acetate,  both  com¬ 
ponents  being  distributed  in  a  mixture  of  gum  tragacanth  and  aqueous 
glycerol5.  Application  of  insecticidal  foam  to  human  skin  also  was 
claimed6.  Foam  formation  occurs  when  the  preparation  warms  up  in 
contact  with  the  skin.  The  frother  in  these  preparations  is  gelatin, 
and  the  gas  is  liberated  in  a  reaction  between  tartaric  acid  or  alumi¬ 
num  sulfate  with  sodium  carbonate  or  sodium  bicarbonate,  or  between 
tartaric  acid  and  sodium  sulfide,  or  between  hydroxylamine  hydro¬ 
chloride  and  sodium  nitrite. 

Substances  used  tor  decontaminating  areas  subjected  to  poison  gas 
be  immobilized  in  a  foam.  Thus,  oxidizing  salts  such  as 
aCIO,  NaCIO,,  or  CaCl(OCl)  are  dissolved  in  water  containing 
soap  or  a  synthetic  detergent,  the  solution  is  transformed  into  foam 
and  this  is  spread  over  the  contaminated  surface7. 


Foams  Used  Because  of  Their  Great  Volume  oe  Great 

Interface 

,ST,t,0n  *■  ®x'han«e  of  matter  between  a  liquid  and  a  gas  phase 

as  ex,en“yitb-Tnl“  ^  *  "lade 

Hqu"  oTZ  raPif  abS°rb  ^  whose  ab‘ 

cept  also  aerosols  which  as  a  rule  do  iT  ,odlde’  ®,c-  F°ams  inter- 
contents  on  bubbling  through  a  liquid. 
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the  behavior  between  a  bubble  in  froth  and  a  similar  bubble  in  liquid 
is  due  above  all  to  the  small  speed  of  ascent  of  foam  bubbles.  A  bubble 
spends  so  much  time  in  froth  that  the  particles  suspended  in  it  have 
opportunity  to  settle,  i.e.,  to  reach  the  liquid  phase.  Suppose,  for 
example,  that  the  froth  is  stable  for  one  minute  and  that  the  cells 
in  it  are  1  mm  across.  Bubbles  of  1  mm  in  diameter  would  rise  in 
water  about  100  meters  in  one  minute;  thus  a  layer  of  froth  is  equiva¬ 
lent  to  a  much  heavier  layer,  about  100  meters  thick,  of  water.  Con¬ 


tact  of  aerosol  particles  with  the  liquid  walls  is  accelerated  also  by 
agitation  of  the  gas  phase.  This  agitation  occurs  when  bubbles  burst 
and  is  promoted  also  by  periodic  variation  of  the  linear  velocity  of 
the  aerosol,  achieved  by  passing  the  froth  through  a  column  whose 
cross  section  periodically  changes  along  its  length. 

Foam  was  suggested  for  absorption  of  sulfuric  acid  mist  contained 
in  the  fumes  expelled  in  the  process  of  concentration  of  sulfuric 
acid10.  “Green  acid,”  i.e.,  the  sludge  obtained  in  the  customary  treat¬ 
ment  of  petroleum  oils  with  concentrated  sulfuric  acid,  was  the 
frothing  agent.  Mists  containing  1  to  3  mg/1  of  sulfuric  acid  had  to 
spend  at  least  10  sec.  in  the  froth  to  lose  90  per  cent  of  their  acid  con¬ 
tent.  When  the  contact  time  was  12  sec.  or  more,  removal  of  over 
90  per  cent  was  achieved  also  for  more  concentrated  mists  (of  about 
30  mg/1).  The  foaming  capacity  of  solutions  of  “green  acid”  was  very 
sensitive  to  contamination  with  iron;  as  little  as  0.05  per  cent  Fe 


markedly  reduced  the  foam  stability.  . 

Sewage  is  purified  by  bubbling  air  through  it.  This  is  a  we  1  es¬ 
tablished  procedure  described  in  books  and  articles.  However  it  has 
apparently  not  been  investigated  how  far  the  degree  ol  purification 
achieved  depends  on  the  presence  (or  absence)  of  foam  above  th 

^DrWand  degassing  of  oils  in  a  vacuum  are  accelerated  by  adding 
frothers  to  the  oil.  The  foam  produced  had  a  large  hquid-gas  in  ef¬ 
face,  and  gases  escape  from  the  liquid  more  rapid  y  . 

Foam  was  used  for  bleaching  and  dyeing  textiles  For  instance 
foam  whose  gas  phase  consisted  of  chlorine  (for  bleaching  or  whose 
liquid  phase  was  a  dye  solution,  was  forced  through  a  single  layer  o 

of  handling.  The  collapsed  foam  was  again  mixe  i 
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for  subsequent  treatment  .  In  another  method  the  fabric  to  be  dyed 
(cotton)  was  placed  in  the  foam  produced  by  boiling.  Superheated 
steam  passed  through  coils  submerged  in  a  coloring  solution  (of  a 
substantive  or  a  sulfur  dye)  containing  also  a  sulfonated  oil  or  sul- 
fonated  alcohol  as  frothing  agent.  The  dyeing  occurred  in  the  foam  of 
this  solution.  This  procedure  required  no  movable  parts  in  the  ap¬ 
paratus. 

Foam  is  said  to  transport  drugs  to  otherwise  inaccessible  parts  of 
body  cavities  and  to  ensure  longer  contact  between  the  drug  and  the 
cavity  walls15.  Frothing  is  achieved  by  mixing  jellies  A  and  B.  A  is 
prepared  by  alkaline  treatment  (e.g.,  with  sodium  carbonate  or  sodium 
orthophosphate)  of  gum  karaya.  B  is  made  by  the  same  alkaline 
treatment  followed  by  acidification  (e.g.,  with  glyceroboric  acid). 
A  contains  a  carbonate,  and  carbon  dioxide  evolved  on  mixing  A 
and  B  is  the  gas  phase  of  the  froth  while  the  liquid  phase  contains 
the  drug  required. 

It  is  known  that  thin  adhesive  joints  are  stronger  than  thick  ones. 
However,  application  of  a  small  amount  of  adhesive  may  result  in 
bare  patches  on  the  surface  of  the  solids  to  be  glued  together.  Foams 
which  have  great  volume  and  little  substance  ensure  uniform  cover¬ 
age  of  solid  surfaces  with  a  small  amount  of  adhesive16.  For  instance, 
100  parts  of  aqueous  melamine-formaldehyde  glue  are  agitated  with 
1  part  saponin,  1  part  ammonium  chloride  (as  “foam  hardener”), 
and  8  parts  water  until  the  volume  is  about  doubled.  As  an  adhesive, 
one  volume  of  this  froth  can  be  substituted  for  one  volume  of  the 
original  glue  thus  effecting  saving  of  about  50  per  cent.  The  foam  is 
stable  for  3  or  4  days  and  is  not  destroyed  by  raising  the  temperature 
to  100°.  A  special  agitator  for  producing  adhesive  foams  has  been 


In  pyrotechnics  the  striking  expansion  accompanying  foam  for¬ 
mation  is  used  in  “black  nonmercury  snakes”18.  They  consist  for 
example  of  picric  acid,  which  yields  a  large  volume  of  gas  on  ignition 

oMhe  foam  fiC  0il)  which  suPPlies  the  materia! 

Match  heads  contain  a  solid  foam  of  glue.  Incorporation  of  air 

—  even  bUming-  When  the  match  head  is  too  dense  the 
match  pops,  sputters,  or  explodes  when  struck19. 


SOLID  r  OAMS 
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one  advantage.  In  many  instances  sponges  can  do  as  much  as  do 
solid  foams,  and  there  are  many  materials  which  are  partly  sponge 
and  partly  foam  and  also  materials  which  are  sponges  but  are  called 
foams.  In  a  foam,  be  its  films  liquid  or  solid,  they  fully  separate  each 
bubble  from  all  its  neighbors,  while  in  a  sponge  the  bubbles  com¬ 
municate  with  each  other  and  both  solid  and  gas  are  continuous 
phases. 


Section  6.  Bread  is  the  most  important  solid  foam  (or  partly 
foam,  partly  sponge).  Undoubtedly,  bread  is  preferred  to  nonporous 
food  of  the  same  chemical  composition  (and  food  value)  because  of 
its  large  solid-gas  interface  which  accelerates  the  action  of  digestive 
juices  on  it.  The  ancient  art  of  bread-making  is  not  fundamentally 
different  from  the  most  modern  procedures  of  the  manufacture  of 
multicellular  goods.  Gas  (e.g.,  carbon  dioxide  from  yeast)  is  liberated 
in  a  mass  (dough)  which  is  still  plastic;  then  the  bubble  walls  are 
hardened  by  heat,  and  a  relatively  rigid  foam  results.  ^ 

Many  other  familiar  foods  are  solid  foams,  e.g.,  “angel  cake”*  . 
Certain  oriental  sweets  are  said  to  contain  saponin  in  the  form  of 
soaproot.  Saponins  are  not  harmless  substances,  and  not  more  than  2 
parts  saponin  should  be  used  for  1,000  parts  of  food  .  Commeicial 
glyceryl  monostearate  is  used  in  the  food  industry  as  a  whipping 
agent;  it  is  a  mixture  of  glyceryl  monostearates  and  monopalmitates 
with  small  amounts  of  diesters  and  triesters  of  glyteiol  . 

Whipping  agents  for  food  can  be  prepared  by  condensing  sorbitan 
monostearate  with  4  to  20  molecules  of  ethylene  oxide.  According  to 
the  amount  of  ethylene  oxide  employed  the  condensation  products 
are  more  water-soluble  or  more  oil-soluble,  and  mixtures  of  two  dif¬ 
ferent  products  proved  to  be  better  f  rot  hers  than  single  compounds  . 

Proteins  are  popular  frothing  agents  in  the  food  industry,  asem 
and  some  other  proteins  become  powerful  frothers  after  partial  deg¬ 
radation.  For  example,  5  parts  of  casein  are  mixed  with  1  part  oi 
calcium  hydroxide  and  8  parts  of  water,  and  the  mixture  is  kep t  for 
several  days  until  its  pH  decreases  from  about  12  to  about  10  or 
until  its  polypeptide  content  increases  to  20-25  per  cent.  I  he  piot  uc 
is  a  satisfactory  substitute  for  egg  white  (as  far  ^  foa™ropertjes 
are  concerned)  in  ice  cream  and  confectionery  products  .  W  hey  y lelds 
frother  when  lactose  and  acid-insoluble  ingredients  are  removed 


a 


from  it 
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Soybean  proteins  and  their  degradation  products  are  used  as  foam¬ 
ing  agents  in  food  also,  as  in  fire-fighting  foams  (Chapter  12).  For 
example,  the  protein  is  partly  digested  with  pepsin  and  hydrochloric 
acid,  and  then  calcium  hydroxide  is  added  to  pH  8;  calcium  seems 
to  increase  the  duration  of  polypeptide  foams24.  In  another  procedure 
first  glycinin  (which  is  the  main  protein  of  soya)  is  isolated  in  rela¬ 
tively  pure  state  and  then  digested  with  pepsin  and  hydrochloric 
acid  until  the  percentage  of  nonprotein  nitrogen  reaches  20  to  35 
per  cent26  or  15  to  30  per  cent27.  The  quality  of  the  foam  obtained 
from  the  last  mentioned  procedure  was  tested  by  measuring  the  rate 
of  drainage.  The  degraded  glycinin  served  as  frother  in  nougats, 
fudge,  and  so  on. 


Section  7.  “Foamglass”  (and  the  materials  of  construction  dis¬ 
cussed  in  section  8)  combines  the  advantages  of  light  weight  (i.e., 
large  volume)  and  good  insulating  properties  for  heat  and  sound. 
1  heir  efficiency  as  heat  insulators  is  due  to  the  immobilization  of 
gas  in  them,  i.e.,  to  the  absence  of  connection  between  the  neighboring 
bubbles;  this  structure  eliminates  convection  which  so  often  is  the 


main  component  of  heat  transfer. 

In  the  manufacture  of  transparent  glass  the  glass  melt,  after  the 
completion  of  the  chemical  reaction  of  glass  formation,  is  “fined,” 
i.e.,  kept  at  a  temperature  high  enough  for  the  glass  to  be  freely 
flowing;  during  this  stage  gas  bubbles  present  in  the  melt  rise  to  its 
surface  and  escape.  In  the  manufacture  of  glass  foam  the  melt  con¬ 
tains  very  many  bubbles  (e.g.,  because  the  original  batch  contained 
gas-involvmg  ingredients)  and  is  kept  at  a  temperature  so  low  that 

medium 2^°  ^  ^  0nly  Sl°Wly  expand  in  the  hiShly  viscous 

Many  modifications  of  this  procedure  are  possible.  For  instance 
instead  of  the  direct  change  from  melting  to  softening  temperature’ 
ie  melt  may  first  be  cooled  until  rigid  and  then  heated  again  to  the 

van  “f,  :XatU,e  ,  F*  “a"ufacture  “  two  steps  has  the  ad- 
,  c  t  the  second  step  can  be  carried  out  at  another  time  and 

.namoH  Wheat, ' T{  ^  ^  "  steP  be  accomplished 
a  mold  When  cold  glass  containing  bubbles  is  introduced  into  tho 

mold  (without  filling  it)  and  is  then  heated  to  and  ke  "e  softln 

mg  range,  the  bubbles  expand  and  the  mass  fills  the  m  I  I  (i 

quiring  the  prescribed  shape*  The  expansion  can  be  assisted  by 
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application  of  a  vacuum'8'  29.  In  another  modification  of  the 

on  *3  ft 


ess 


29,  30 


proc- 


powder  of  ordinary  glass  is  mixed  with  a  powder  capable  of 
liberating  gas  at  high  temperature  and  then  heated  to  a  temperature 
“at  which  the  glass  particles  become  soft  and  are  joined  one  to  the 
other  simply  by  contact.”  This  temperature  range  may  be,  for  ex¬ 
ample,  200°  above  the  softening  range,  and  the  product  obtained  is 
claimed  to  be  more  uniform  than  that  prepared  by  the  earlier  meth¬ 
ods.  This  seems  to  be  the  method  mainly  employed  in  industry31; 
crushed  glass  and  a  “very  small  amount”  of  pure  carbon  are  ground 
together  “to  a  powder  much  finer  than  talcum”  and  then  heated  in 
a  mold.  Crushed  glass  can  be  heated  also  without  any  addition  of  a 
gas-liberating  substance;  then  air  and  water  occluded  in  the  powder 
act  as  sources  of  the  gas  phase  in  the  bubbles32.  A  continuous  process 
of  manufacturing  vesicular  glass  consists  in  the  introduction  of  a  gas 
into  molten  glass  and  then  “drawing  forth  the  froth  from  the  top  of 
the  mass  as  a  continuous  sheet”33. 

The  gas  phase  of  glass  foam  may  consist  of  air  and  water  vapor, 
as  in  ref.  30  and  32.  The  amount  of  air  and  water  available  may  be 
increased  by  adding  to  crushed  glass  either  kieselguhr  as  this  contains 
much  adsorbed  moisture  and  air,  or  a  hydrated  salt  (such  as  hydrated 
magnesium  silicate)30.  If  gas  is  produced  from  sodium  sulfate  and 
charcoal,  it  consists  mainly  of  sulfur  dioxide30.  Best  results  are  claimed 
when  the  batch  contains  0.5  per  cent  finely  divided  carbon  and  0.1 
to  0.2  per  cent  calcium  sulfate  hemihydrate  .  ^ 

The  bubbles  in  glass  foam  are  about  0.05  to  0.5  cm  large  .  The 
density  is  between  0.15  and  0.50  g/cm3  (solid  glasses  usually  have 
densities  near  2.5)35;  the  usual  value  is  0.16  (=  10  lb/cu  ft)  .  Ac¬ 
cording  to  Sanders,  commercial  foam  glass  has  compressive  strength 
of  11  bars  (150  lb/sq  in.)  while  Kreidl  gives  the  value  of  40  bars. 
Modulus  of  rupture  (flexural  strength)  is  9  bars  (130  lb/sq  in.), 
tensile  strength  6  bars  (84  lb/sq  in.),  shear  strength  4.5  bars  (64 
lb/sq  in.),  modulus  of  elasticity  15  kilobars  (200,000  lb/«l  ™ 
pact  strength  109  ergs  (66  ft-lb),  and  heat  conductivity  at  10  0.000 
cal./cm  sec.  °C  (0.40  Btu/hr  sq  ft  °F/in.).  The  corresponding  con¬ 
stants  of  foam  glass  manufactured  in  Russia  can  be  found  in  ref.  3oa 

Foam "Z  has  the  great  advantage  that,  it  can  be  shaped  almost 
as  easily  as  wood.  It  can  be  sawed,  cut,  drilled,  and  so  on. 

Section  8  Of  the  other  “multicellular”  building  materials  some 
are  sohd  foams  and  some  are  sponges  or  mats.  However  all  the  fob 
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lowing  materials  (in  this  section)  at  least  pass  through  the  stage  of 
foam.  For  instance,  sand,  portland  cement,  and  aluminum  casemate 
suspended  in  water  are  whipped  to  a  foam;  when  this  foam  sets,  a 
light-weight  cellular  concrete  is  obtained  . 

Many  other  frothers  have  been  recommended  instead  of  aluminum 
caseinate.  They  include  rosin  +  gelatin  +  formaldehyde,  phenol  + 
gelatin  +  formaldehyde  +  saponin,  soap  bark37,  soap  bark  extract  + 
karaya  gum38,  esters  of  polyphosphoric  acids3'*,  and  so  on. 

Light  gypsum  tile  or  light  “wallboard  having  paper  sheet  liners 
from  calcined  gypsum  and  water”  can  be  obtained  if  the  aqueous 
gypsum  suspension  is  foamed  before  it  sets40.  As  frothers,  gelatinized 
starch  and  soap  bark40  or  rosin  size  and  alkali  caseinate41  can  be  used. 

Sulfite  liquor  acts  as  a  frothing  agent  in  the  production  of  porous 
board42. 

Foamed  slag,  used  for  structural  light-weight  concrete  and  pre¬ 
sumably  similar  in  its  structure  to  foam  glass,  can  be  made,  for 
example,  by  injecting  water  into  molten  slag43. 

Foamed  glass  of  an  alkali  metal  phosphate  is  said  to  be  an  efficient 
sequestering  agent.  It  is  made  by  dehydrating  the  phosphate  melt, 
mixing  it  then  with  alkali  carbonates  or  oxalates,  and  cooling44. 


Section  9.  Many  solid  foams  are  available  in  which  the  solid 
phase  consists  of  a  high  polymer,  such  as  polystyrene  (see,  e.g.,  ref. 
44a).  Ihese  foams  have  very  low  density  and  are  good  insulators  of 
heat  and  sound.  Some  commercial  products  which  are  used  similarly 
and  contain  the  word  foam  in  their  name  are  sponges  rather  than 
foams  (see  section  5).  Because  of  their  low  density,  synthetic  resin 
foams  are  valuable  in  life  buoys  and  life  jackets,  swimming  rafts, 

fish  net  floats,  and  so  on.  They  are  good  shock  absorbers  and  can 
serve  as  packing  materials. 

Similarly  to  other  solid  foams  the  foams  of  plastics  and  elastomers 
are  produced  by  mixing  a  gas  with  a  liquid  material  and  then  making 
e  liquid  bubble  walls  solid  by  heat  or  chemical  treatment 
Gas  can  be  incorporated  into  liquid  by  mechanical  means,  for 
example,  by  whipping  asm  the  formation  of  urea-formaldehyde  resin 

from  T  &  method  of  Paring  foam  rubber 

om  latex  .  Or  the  liquid  is  saturated  with  a  gas  under  high  pres¬ 
sure,  pressure  then  is  released,  and  the  excess  gas  separates  as  nu 

TTul’h”  ofSfSUCh  "'aVhe  Pr°Cedure  amended  by  Denton*1. 
A  dough  of,  for  example,  55  parts  of  rubber,  3.5  parts  of  sulfur, 
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9  parts  ot  “vulcanized  oil,”  13  parts  of  antimony  pentasulfide,  2 
parts  of  ceresin  wax,  and  17.5  parts  magnesium  carbonate  was  satu¬ 
rated  with  nitrogen  at  1 13°C  and  180  atmospheres,  kept  at  this  tem¬ 
perature  long  enough  for  the  “dough”  to  be  partially  vulcanized,  and 
cooled;  on  releasing  the  pressure  the  material  expanded  to,  for  ex¬ 
ample,  6  times  its  original  volume.  Then  it  was  heated  again  in  the 
final  mold  to,  for  example,  163°;  this  caused  further  expansion  of  the 
nitrogen  in  the  bubbles  and  consequently  of  the  whole  piece,  and 
also  finally  vulcanized  the  latter.  Polystyrene  foam4*  can  be  prepared 
by  heating  molten  polystyrene  with  compressed  methyl  chloride 
(which  is  soluble  in  polystyrene  melts)  and  then  lowering  the  pressure. 

As  in  bread,  the  gas  phase  can  be  the  result  of  a  chemical  reaction. 
Th.  Hancock  is  credited  with  using  ammonium  carbonate  to  produce 
multicellular  rubber  in  1846-184749.  Recently,  compounds  liberating 
nitrogen  became  fashionable.  Thus50  a  mixture  of  polyvinyl  chloride 
(48  parts),  tritolyl  phosphate  (32  parts),  azodiisobutyronitrile  (10 
parts)  and  phenyl  monoisocyanate  (25  parts)  is  heated  under  pres¬ 
sure  to  150°C.  At  this  temperature  azodiisobutyronitrile  decom¬ 
poses  liberating  nitrogen:  NC-C(CH3)2N:NC(CH3)2-CN  — »  N2  + 
NC-C(CH3)2-C(CH3)2-CN.  After  a  suitable  heat  treatment  the  foam 
is  placed  in  an  atmosphere  saturated  with  water  vapor  at  40  to  45°. 
Water  reacts  with  phenyl  isocyanate  according  to  the  equation 
2C6H5N  -CO  +  H20  =  (C6H5NH)2CO  +  C02;  carbon  dioxide  causes 
further  expansion  of  the  foam,  while  diphenyl  urea  stiffens  the  bubble 
walls.  Carbon  dioxide  is  the  gas  phase  also  in  a  solid  loam  made 
without  heating  and  without  application  of  high  pressure  .  A  hy¬ 
drated  salt,  such  as  CaCh ,  6H2O  or  MnCh  ,4H20,  and  an  isocyanate 
are  added  to  an  alkyd  resin  made  of  4  moles  glycerol,  2.5  moles  adipic 
acid,  and  0.5  mole  phthalic  anhydride.  Water  of  the  salt  and  the 
excess  of  adipic  acid  react  with  the  isocyanate  liberating  CO2 .  Some 
other  chemical  reactions  giving  rise  to  the  gas  phase  of  multicellular 


49 


plastics  are  discussed  by  Lober4  .  52 

The  “blowing  agent”  may  be  capable  of  polymerization  .  Gradual 
polymerization  of  the  agent  may  then  leave  a  vacuum  in  the  bubbles. 

Plastic  foams  exist  in  a  wide  range  of  densities.  The  usual  range 
seems  to  lie  between  0.02  and  0.3  g/cm1.  Commercial  polystyrene 
foams  usually  have  densities  between  0.021  and  0.032  g/cm  and 
contain  cells  0.1  cm  in  diameter51.  The  following  information  is  taken 
from  a  pamphlet  issued  by  the  Dow  Chemical  Company  and  le  fei is 
to  the  polystyrene  foam  of  this  firm.  At  the  density  of  0.02G  g/cm 
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(1.6  lb/cu  ft)  the  compressive  yield  strength  is  1  to  1.7  bars  (15  to 
25  lb/sq  in.);  tensile  strength  is  3.5  to  5  bars  (50  to  70  lb/sq  in.); 
shear  strength  1.7  to  2.4  bars  (25  to  35  lb/sq  in.) ;  compressive  modulus 
52  to  100  bars  (750  to  1350  lb/sq  in.);  bending  modulus  45  to  80 
bars  (650  to  1200  lb/sq  in.);  and  thermal  conductivity  0.00005  to 
0.00007  cal./cm  sec.  °C.  (0.23  to  0.30  Btu/sq  ft/hr/°F/in.). 

A  rubber  foam  of  Sponge  Rubber  Products  Company  has  density 
from  0.13  to  0.3  g/cm3  (8  to  18  lb/cu  ft)  and  thermal  conductivity 
of  0.00006  to  0.00007  cal./cm  sec.  °C  (0.27  to  0.30  Btu/sq  ft/hr/°F/ 
in.).  A  foam  of  hard  rubber  has  a  similar  density  but  is  more  rigid 
than  polystyrene  foams;  its  compressive  strength  varies  between  2 
and  28  bars  (30  to  400  lb/sq  in.). 


Section  10.  Fibrin  foam  is  used  in  medicine.  It  is  made  by  dis¬ 
solving  fibrinogen  in  citrate  buffer  solution  at  pH  6.05  and  beating  or 
aerating  the  solution  into  foam  which  has  2.3  times  the  volume  of 
the  solution.  Then  thrombin  (i.e.,  the  agent  which  transforms  fibrino¬ 
gen  into  fibrin)  is  added,  and  agitation  is  continued  until  clotting 
occurs'’ .  Properties  and  application  of  fibrin  foam  have  been  de¬ 
scribed55'  56. 


Separation  of  Suspended  or  Dissolved  Matter  by  Foam 


Section  11.  Flotation  is  the  main  method  utilizing  separation  by 
foam.  It  is  discussed  in  Chapters  11  and  13.  Laboratory  work  on 
separation  of  solutes  by  foam  is  reviewed  in  Chapter  10. 

The  application  described  by  Price5'  may  be  akin  to  flotation. 
Foam  was  found  to  suppress  dust  in  a  colliery  better  than  plain 
vatei  if  equal  volumes  of  liquid  were  compared. 

Separation  of  sodium  oleate  from  soldium  laurate  by  foaming  was 
patented  by  Dubrisay  58.  Purification  of  raw  sugar  solutions  by  foaming 
was  claimed  .  To  prepare  proteolytic  enzymes  in  solid  form,  enzyme 
solutions  were  concentrated  and  whipped  into  a  foam,  and  the  foam 
was  then  dried  . 


Instead  of  collecting  foam  fractions  (see  Chapter  10),  foaming 
can  lie  continued  and  the  liquid  allowed  to  drain  out  until  the  solutes 
cue  become  segregated  at  different  levels  in  the  foam60.  Then  the 
foam  column  ,s  divided  into  sections,  and  the  substances  accumulated 
the  various  sections  are  isolated.  In  this  manner  fractionation  of 
polypeptides  is  possible.  In  the  steady  state,  saponin  is  found  In  the 
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foam  column  above  gelatin,  and  gelatin  above  sodium  oleate.  The 
internal  surface  of  the  tube  in  which  foam  is  built  up  can  be  roughened, 
allegedly  to  increase  its  wettability  by  foam61. 


Foams  Used  for  Measurement  or  Analysis 


Section  12.  Probably  the  best  known  use  of  foam  for  chemical 
analysis  is  in  the  determination  of  total  hardness  of  water.  The  method 
is  attributed  to  T.  Clark  (1847).  It  was  admitted  among  the  standard 
methods  of  the  American  Health  Association  in  192562  but  not  taken 
over  by  more  recent  manuals.  It  is  based  on  the  observation  that 
solutions  of  sodium  soaps  do,  while  solutions  of  calcium  soaps  do  not 
foam.  A  solution  containing  calcium  ions  (i.e.,  “hard  water”)  is 
titrated  with  a  sodium  soap  solution  until  stable  foam  can  be  pro¬ 
duced  by  shaking.  The  amount  of  soap  used  up  depends  on  the  amount 
of  calcium  salts  present  in  the  water. 

In  the  standard  method  valid  in  1925,  a  solution  of  100  g  Castile 
soap  in  1  liter  80  per  cent  alcohol  is  diluted  with  aqueous  ethanol  or 
methanol  until  6.40  cc  of  it  are  needed  to  produce  permanent  foam 
after  mixing  with  a  solution  of  0.004  g  calcium  carbonate  in  50  cc 
and  shaking.  “Permanent  foam”  means  that  “a  lather  remains  un¬ 
broken  for  5  min.  over  the  entire  surface  of  the  water  while  the  bottle 
(of  250  cc)  lies  on  its  side.”  Clearly,  this  criterion  is  related  to  those 
discussed  in  Chapter  2,  section  29. 

Total  hardness  is,  numerically,  the  number  of  parts  of  calcium  car¬ 
bonate  in  million  parts  of  liquid;  hence,  the  above  CaCCb  solution  has 
total  hardness  of  80  ppm.  The  total  hardness  of  an  unknown  solution 

cannot  he  calculated  simply  by  assuming  that  —  =  0.08  cc  of  the 

standardized  soap  solution  are  equivalent  to  1  ppm  of  calcium  car¬ 
bonate.  Even  in  the  absence  of  any  calcium  salt,  0.7  cc  of  the  soap 
solution  are  required  to  make  50  cc  of  water  foaming.  Hence,  only 
the  excess  over  0.7  cc  is  approximately  proportional  to  total  hardness; 
this  proportionality  is  sufficiently  accurate  when  more  than  3  cc  of 
soap  solution  are  needed.  In  this  concentration  range  1  cc  of  this 
solution  corresponds  to  14  ppm  of  calcium  carbonate  (because 

-“---14). 

C*  4  0  7  ' 

’  Alternatively,  the  standardized  soap  solution  is  titrated  with  cal- 


cium  chloride  solutions  containing  in 


50  cc  as  much  calcium  as  0, 
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1,  2,  3,  and  4  mg  calcium  carbonate.  A  calibration  curve  is  plotted 
and  then  used  to  find  the  total  hardness  of  the  unknown  sample. 

If  the  water  sample  contains  magnesium  salts,  “false  lather  ap¬ 
pears.  It  persists  for  less  than  5  min.  Magnesium  consumes  more  soap 
than  does  the  equivalent  amount  of  calcium.  The  simultaneous  pres¬ 
ence  of  calcium  and  magnesium  salts  in  natural  waters  is  the  main 
drawback  of  the  determination  of  total  hardness  by  foam. 

Presence  of  bile  pigments  in  the  urine  can  be  detected  by  the  yellow 
color  of  the  foam.  Sometimes  amounts  of  bile  pigments  or  proteins 
too  small  to  be  detected  by  the  customary  methods  reveal  themselves 
by  a  higher  foaminess  of  the  urine  (unpublished  observations). 


Section  13.  Single  soap  films  are  used  as  indicators  of  the  rate  of 
gas  flow.  At  a  spot  convenient  for  observation  the  gas  stream  is 
separated  into  two  currents.  The  main  current  continues  in  a  wide 
pipe,  while  a  small,  known  part  of  the  total  gas  volume  bubbles 
through  a  soap  solution  and  then  travels  along  a  narrow  glass  tube. 
The  visible  rate  of  advance  of  soap  films  in  this  tube  is  a  quantitative 
measure  of  the  velocity  of  the  total  gas  flow. 

Gooderham63,  64  applied  this  technique  to  gas  analysis.  The  gas  to 
be  analysed  bubbles  through  a  solution  capable  of  foaming,  and  the 


rate  of  movement  of  the  films  produced  is  observed  in  a  glass  tube, 
then  the  gas  passes  through  a  reagent  absorbing,  say,  constituent  A, 
and  the  rate  of  flow  of  the  remaining  gas  is  determined  again  by 
bubbling  it  through  a  soap  solution  and  measuring  the  rate  of  travel 
of  the  soap  films  formed.  Further  the  gas  passes  through  another 
reagent  which  eliminates,  say,  constituent  B,  and  so  on.  Thus  from 
the  velocity  of  soap  films  at  subsequent  steps  of  the  gas  passage  the 
amounts  of  the  constituents  can  be  calculated. 

In  the  usual  gas  analysis  air-tight  vessels  are  required  to  confine 
the  gas.  If  a  frother  is  present  in  the  solution,  the  gas  liberated  carries 
its  vessel^  (ne,  foam  walls)  with  it.  This  device  was  introduced  by 
i  iatsuura  .  hor  instance,  magnesium  was  determined  by  precipi- 
a  mg  MgC03-(NH4)2C03-4H20  and  then  decomposing  the  precipi- 

aCld  in  the  presence  of  albumin;  the  volume  of 
froth  (having  C02  as  gas  phase)  is  proportional  to  the  original  amount 
of  magnestum. ^nalogousiy,  the  amount  of  ammonium  ion  was  cal¬ 
culated  from  the  volume  of  froth,  stabilized  with  saponin  produced 
when  NH.  was  oxidized  with  am  alkaline  bromine  solution  to  nltrogem 
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Bulging  of  a  soap  film  is  a  measure  of  the  pressure  difference  across 
it  (see  Laplace’s  equation  in  Chapter  1,  section  8).  If  such  a  film 
closes  the  top  of  a  rotating  drum  whose  side  walls  contain  openings, 
air  escapes  through  these,  and  the  film  curves  downward.  From  its 
curvature  the  vacuum  created  in  the  drum  was  computed6413. 

Dewar  '  used  soap  films  as  detectors  of  the  quality  of  sound.  Various 
sounds  and  other  air  movements  caused  characteristic  patterns  in  a 
vertical  soap  film. 

Foam  pressure  mentioned  in  Chapter  5  was  recommended  for 
controlling  such  processes  as  boiling  of  milk  and  saturation  of  limed 
sugar  juices  with  carbon  dioxide66,  67.  When  this  foam  pressure  ex¬ 
ceeds  a  predetermined  value,  it  operates  a  device  which  cuts  down  the 
heat  supply  (in  the  instance  of  boiling)  or  the  rate  of  gas  injection 
(in  the  instance  of  saturation). 


Section  14.  Many  industrial  preparations  foam  during  the  course 
of  their  customary  application,  but  their  foaming  capacity  has  no  or 
only  uncertain  relation  to  their  performance.  Soap  is  foremost  among 
these  products.  It  has  long  been  believed  that  the  detergent  action 
of  soap  solutions  is  connected  with  their  foaminess.  Often,  foaminess 
(or  rate  of  drainage)  was  considered  to  be  a  measure  of  the  efficiency 
of  a  detergent.  The  discovery  of  powerful  detergents  having  almost 
no  foaming  ability  brought  this  belief  into  disrepute.  It  is  well  possible 
that  the  foam  of  a  detergent  is  of  importance  in  some,  but  irrelevant 
for  other  applications.  Thus  the  resistance  of  loam  to  mechanical 
deformation  (see  Chapter  5)  may  play  a  part  in  the  action  of  shaving 
soap,  while  the  cleaning  efficiency  of  soap  is  not  due  to  its  foam. 

It  is  not  clear  what  effect,  if  any,  foam  has  in  medicinal  foam  baths. 


References 

1.  Fisher,  G.  M.,  U.  S.  Patent  1,985,491  (1935);  Chem.  Abs .,  29,  1184  (1935). 

2.  Vana,  C.  A.  (to  DuPont),  U.  S.  2,481,457  (1949). 

3  Loewenstein,  I,,  French  Patent  849,855  (1939);  British  Patent  544,437, 
Chem.  Abs.,  35,  7638  (1941);  36,  6708  (1942). 

4.  Etablissements  Vermdrel,  French  Patent  861,352  (1941);  Chem.  Abs.,  42, 

5.  tatlT  British  Patent  379,892  (1931);  Chem.  Abs..  »,  3295  (1933). 

6.  Karreth,  A.,  British  Patent  368,423  (1929);  Chem.  Abs..  27  »  (» 

7.  Mattin,  H.  E.,  and  Timpson,  L.  G.  M.  (to  Mearl  C  on  .),  • 

2  392  936  (1946);  Chem.  Abs.,  40,  1954  (1946). 

8.  LuSkH,  G  P.,  •/.  Phys.  Che,,,  < U.S.S.R. ),  .3,  302  (1939). 


MISCELLANEOUS  USES  OF  FOAM 


295 


9.  Luchinskii,  G.  P.,  and  Popova,  M.  I.,  Zavodskaya  Lab.,  8,  552  (1939). 

10.  Bransky,  D.  W.,  and  Diwoky,  F.  F.,  Refiner  Natural  Gasoline  Mfr.,  19,  75 

(1910);  U.  S.  Patent  2,311,625  (1943)  (to  Standard  Oil  Co.  of  Indiana). 

11.  Hardenbergh,  W.  A.,  “Sewerage  and  Sewage  Treatment,”  3rd  ed.,  Scran¬ 

ton,  Penna.,  International  Textbook  Co.,  1950. 

12.  Micafil,  A.-G.,  Swiss  Patent  231,777  (1944);  Chem.  /16s.,  43,  3186  (1949). 

13.  Faber,  L.  D.,  and  Carrell,  C.  J.  (to  Faber  Engng.  Co.),  U.  S. 

Patent  1,948,568  (1934). 

14.  Haefly,  H.,  Ind.  textile,  55,  84  (1938). 

15.  Strauch,  C.  B.,  U.  S.  Patent  2,043,633  (1936). 

16.  Aero  Research,  Ltd.,  DeBruyne,  N.  A.,  and  Hubbard,  D.  A.,  British 

Patent  549,496  (1942). 

17.  Marsh,  R.  D.,  British  Patent  551,488  (1943). 

18.  Davis,  T.  L.,  “The  Chemistry  of  Powder  and  Explosives,”  p.  120,  New 

York,  John  Wiley  &  Sons,  Inc.,  1943. 

19.  Cornwell,  E.  D.,  in  DeBruyne,  N.  A.,  and  Houwink,  R.,  “Adhesion  and 

Adhesives,”  p.  181,  New  York,  Elsevier  Publishing  Co.,  1951. 

20.  Barmore,  M.  A.,  Colo.  Ayr.  Expt.  Sta.,  Tech.  Bull.,  13  (1935). 

21.  Lode,  A.,  Z.  Untersuch.  Lebensm.,  58,  311  (1929);  Chem.  Abs.,  24,  3064 

(1930). 


22.  Learmonth,  E.  M.,  Food,  18,  164  (1949);  Chem.  Abs.,  43,  5971  (1949). 

23.  Johnston,  N.  F.  (to  R.  T.  Vanderbilt  Co.),  U.  S.  Patent  2  422  486  (19471- 

Chem.  Abs.,  41,  6352  (1947). 

24.  Lenderink,  J.,  U.  S.  Patent  2,522,050  (1950). 

25.  Mars  Confection,  Ltd.,  Horlick,  Ltd.,  Beeching,  E.  I.,  and  Severn  G 

W.  C.,  British  Patent  560,840  (1944);  Chem.  Abs..  40,  3842  (1946) 

26  Sa(ir950)’  and  Rathman’  R’  (to  Central  Soya  Co.),  U.  S.  Patent  2,502,482 

27.  Turner  J.  It.  (to  Central  Soya  Co.),  U.  S.  Patent  2,489,208  (1949). 

("934^  (t°  SOC'  Saint‘Gobain>  Chauny  &  Cirey),  U.  S.  Patent  1,945,052 

29.  Slater,  G.  (to  Owens-Illinois  Glass  Co.),  U.  S.  Patent  2  119  259 

30.  Lo„*B.  (t.  Soc.  Saint-Gobain,  Chau„y’&  Cirey),  U  S.’  p  IZ  ^ 

31.  Sanders,^  V.,  Chem.  Eng.  Progress,  44,  804  (1948). 

32.  Lytle,  W.  O.  (to  Pittsburgh  Plate  Glass  Co.),  U.  S  Patent  2  237  037  moji  ^ 

^ en't '2,261, (1941 **  W-  °'  (t°  PittSbUrgh  Plate  Go.)/u.  S.  PaG 

f  Kre W !WE  aaD WU.r23.  ST.lof,  S)" 0 '  ®'  ****  2’5'4'324 

35a.  Kitaigorodskii,  I.  I.,  Steklo  i  Keramika,  1950,  No  4  n  3-  n  in  „ 
631  (1950).  *  '  P-  6>  Ind.,  31, 

36.  Rice,  J.  A.  (to  Bubblestone  Co.),  U.  S.  Patent  1,717  319  (19291 

a*:  sc  psT:  ® 

Abs.,  27  ,  3797  (1933)  '  ’  S'  at6nt  >.907.982  (1933);  Chem. 

39-  WmiamWeinatein’ F' L' (t0  standard  0il  D--  «•  s.  Patent 


296  FOAMS:  THEORY  AND  INDUSTRIAL  APPLICATIONS 


40.  Ericson,  R.  (to  U.  S.  Gypsum  Co.),  U.  S.  Patent  1,937,472  (1934). 

41.  Maguire,  M.  J.,  U.  S.  Patent  2,370,058  (1945). 

42.  Wahlin,  B.  G.  (to  Svenska  Cellulosa  Aktiebolaget) ,  U.  S.  Patent  2,481,959 

(1949);  Chem.  Abs.,  44,  839  (1950). 

43.  Gallai-Hatchard,  M.,  U.  S.  Patent  2,443,103  (1948). 

44.  Liddell,  It.  W.  (to  Hall  Laboratories,  Inc.),  U.  S.  Patent  2,569,936  (1951); 

Chem.  Abs.,  46,  699  (1952). 

44a.  Abbott,  J.  A.,  Chem.  Eng.,  59,  No.  7,  p.  212  (1952). 

45.  Meyer,  L.  S.  (to  Libbey-Owens-Ford  Glass  Co.),  U.  S.  Patent  2,384,387 

(1945). 

46.  TeGrotenhuis,  T.  A.,  U.  S.  Patent  2,307,082  (1943). 

47.  Denton,  G.  P.,  U.  S.  Patent  1,905,269  (1933). 

48.  Munters,  C.  G.,  and  Tandberg,  J.  G.,  U.  S.  Patent  2,023,204  (1935). 

49.  Lober,  F.,  Angew  Chem.,  64,  65  (1952). 

50.  Carpentier,  P.  J.,  U.  S.  Patent  2,576,749  (1951). 

51.  Simon,  E.,  and  Thomas,  F.  W.  (to  Lockheed  Aircraft  Corp.),  U.  S.  Patent 

2,577,279  (1951). 

52.  Sachs,  C.  C.,  Modern  Plastics ,  23,  No.  4,  173  (1945). 

53  Mclntire,  O.  It.,  and  Kennedy,  R.  N.,  Chem.  Eng.  Progress.  44,  <2<  (1948). 
54.  Bering,  E.  A.  (to  U.  S.  A.),  U.  S.  Patent  2,492,458  (1949);  Chem.  Abs.,  44, 


2184  (1950). 

55.  Bering,  E.  A.,  J .  Clin.  Invest.,  23,  417  (1944);  Chem.  Abs..  38,  5937  (1944). 

56.  Bailey,  O.  T.,  and  Ingraham,  F.  D.,  J .  Clin.  Invest.,  23,  591  (1944);  (hem. 

Abs.’,  38,  5937  (1944). 

57.  Price,  F.  H.,  Trans.  Inst.  Mining  Engrs.  (London),  105,  244  (1946);  (  hem. 

Abs..  40,  6236  (1946). 

58.  Dubrisay,  R.,  French  Patent  747,755;  Chem.  Abs.,  27,  5124  (1933b 

59.  Dole,  R.  A.,  and  McBain,  J.  W.  (to  Chemical  Process  Co.),  U.  S.  1  atent 

59a  KauSn.TL.,  and  Urbain,  W.  5b  (to  Swift  &  Co.),  U.  S.  Patent 

ao. 

61  Kodak-Pat h6,  French  Patent  942,087  (1949);  Chem.  Abs  44,  10391  1950). 
69  “Standard  Methods  for  the  Examination  of  Water  and  Sewage,  6th  ed„ 
p.  28,  New  York,  Amer.  Public  Health  Assoc.,  1925. 

63.  Gooderham,  W.  J.,  Analyst,  72,  520  CAL  b 

64.  Gooderham,  W.  J.,  Anal.  Chim.  Acta,  2  452  (1948). 

64a.  Matsuura,  N„  J .  Chem.  Soc.  Japan,pure  Chem.  Sect.,  71,  168,  3,5, 
(1950);  Chem.  Abs.,  45,  4600,  652<  (1951). 

64b.  Satterly,  J..  Am.  J.  Physics  19,  448  (1951). 

65.  Dewar,  J.,  Proc.  Roy.  Inst..  .  n  .,  ^  Patent  550,238;  Chem.  Abs., 

66.  Brukner,  F„  and  Arca-Itegler,  A.-G.,  German  1  atent  , 

26,  4113  (1932).  7  ,  T?  cc  47c  0931 ) ;  Chem.  Abs., 

67.  Schiebl,  K.,  Z.  Zuckennd.  Hechoslovak.  Rep.,  55, 

26,  1469  (1932). 


1  5.  CHEMICAL  ANTIFOAMING 

AGENTS 


C.  C.  Currie 

Dow-Coming  Corporation,  Midland,  Mich. 


Section  1.  The  preparation  of  this  chapter  was  undertaken  with 
the  hope  that  a  survey  of  the  literature  might  reveal  a  trend  in  the 
effectiveness  of  defoamers.  Just  as  the  polyamides  are  excellent  de- 
foamers  for  boiler  feed  water,  another  class  of  chemicals  might  be 
most  effective  in  controlling  foaming  of  paper  pulp  and  still  another 
type  would  defoam  latex  coating  compositions  most  efficiently.  In 
other  words,  it  was  hoped  that  chemical  types  might  show  a  certain 
specificity  in  their  action  toward  foams.  If  this  hope  were  realized,  the 
whole  problem  of  selecting  the  correct  defoamer  for  a  foaming  problem 
would  be  simplified. 

Because  of  several  complicating  factors  this  rather  ambitious  hope 
was  not  realized.  First,  the  action  of  a  foam  inhibitor  cannot  be  pre¬ 
dicted  by  analogy,  and  generalizations  can  be  misleading.  For  in¬ 
stance,  a  very  effective  defoamer  for  latex  paints  is  much  less  effective 
in  the  latex  alone.  Second,  the  literature  is  not  specific  enough  to  be 
of  much  help  in  finding  a  logical  relationship  between  effective  con¬ 
centrations  and  type  of  foam.  For  example,  a  great  many  defoamers 
are  said  to  work  m  processing  of  sugar  beets,  but  no  reliable  indica¬ 
tions  of  relative  effectiveness  were  found. 


"“ulvauci  win  appreciate  the 
of  the  same  type. 


i  number  of  mills  processing  beets  and 
c  materials,  and  techniques  of  operation, 
variables  which  may  exist  among  foams 
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Many  factors  enter  into  the  choice  of  the  best  defoamer  for  a 
specific  foaming  problem.  Superficial  analysis  of  a  foaming  problem 
may  suggest  that  the  best  defoamer  is  the  one  which  is  most  effective 
at  the  lowest  concentration.  This  is  not  always  trueJ  A  few  of  the 
points  which  may  be  important  in  choosing  a  foam  inhibitor  are 
discussed  in  the  following  paragraphs. 

In  the  production  of  antibiotics  a  defoamer  is  worthless  if  it  in¬ 
hibits  the  growth  of  the  microbrganisms  responsible  for  synthesis  of 
the  antibiotic.  The  defoamer  must  be  stable  during  sterilization  and 
must  maintain  a  high  level  of  effectiveness  during  the  whole  period 
of  aeration.  In  food  processing  a  defoamer  with  questionable  toxi¬ 
cological  properties  is  an  anathema.  In  the  protective  coating  field  a 
foam  inhibitor  must  not  cause  “fish-eyes”  in  the  finish  and  it  must  act 
rapidly  to  break  a  myriad  of  tiny  bubbles  while  the  coating  can  still 
flow. 

In  many  instances  odor  may  be  of  paramount  importance.'  In  the 
sizing  of  paper  for  cigarette  packages  the  defoamer  must  not  impart 
an  odor  to  the  size  and  subsequently  to  the  cigarettes.  Similarly  the 
antifoam  should  not  contaminate  or  react  with  the  finished  product.  - 

Usually  the  defoamer  should  be  effective  for  long  periods  of  time, 
but  in  packaging  of  liquid  detergents  the  antifoam  should  prevent 
foam  only  during  the  filling  operation.  The  detergent,  like  beer,  must 

foam  when  the  consumer  gets  it. 

Cost,  too,  must  be  considered.  One  defoamer  may  be  twice  as 
effective  but  three  times  as  expensive  per  unit  of  weight  as  a  second 
antifoaming  agent.  Conversely  an  expensive  antifoam  may  be  so 
effective  that  it  costs  less  to  use  than  larger  amounts  of  a  cheaper 
foam  inhibitor. 


Section  2.  The  preceding  paragraphs  have  presented  a  few  of  the 
factors  which  may  have  to  be  considered  in  employing  a  defoamer. 
The  remainder  of  this  chapter  may  provide  the  reader  with  a  starting 
point  in  his  search  for  an  antifoaming  agent  in  his  foaming  problem. 
Several  chemicals  may  appear  to  be  equally  effective  m  controlling 
foam;  so  the  reader  will  have  to  decide  for  himseli  which  defoamer 
most  nearly  meets  his  requirements.  The  data  collected  in  this  chap¬ 
ter  may  eliminate  some,  but  not  all,  of  the  work  required  to  select  a 

f°Thenchapter  is  divided  into  two  sections.  The  first  section  consists 
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of  a  survey  of  the  literature  relating  to  chemical  antifoams  and  is 
further  subdivided  into  a  classification  of  the  defoamers  by  chemical 
types.  As  far  as  possible  the  type  of  application  where  a  given  class 
of  defoamers  is  effective  is  consolidated.  It  is  probable,  however,  that 
suitable  defoamers  for  a  specific  problem  will  be  found  in  more  than 
one  chemical  class.  Ross1  in  his  excellent  report  on  antifoaming  agents 
also  found  that  more  than  one  chemical  type  was  effective  for  the  , 
same  foaming  system. 

The  second  part  of  the  chapter  lists  some  of  the  commercial  foam 
inhibitors.  A  few  instances  where  these  defoamers  are  used  success¬ 
fully  and  the  concentrations  recommended  by  the  manufacturer  are 
given.  No  attempt  is  made  to  rate  the  relative  effectiveness  of  these 
defoamers. 


Literature  Survey 


Section  3.  Fats,  Oils,  Waxes,  and  Other  Natural  Products* 

One  of  the  earliest  classes  of  chemicals  used  for  foam  inhibition  was 
fats  and  oils  of  vegetable  or  animal  origin.  Castor  oilla’  2  was  said  to 
be  effective  in  boilers  of  locomotives  using  water  containing  high 
concentrations  of  sodium  salts  together  with  finely  divided  solids, 
there  was  much  debate  concerning  the  relative  effectiveness  of  castor 
oil.  Anderson  suggested  that  many  oils  other  than  castor  oil  were 
valuable  as  foam  inhibitors,  but  French4  insisted  that  castor  oil  was 


the  only  antifoam  for  boiler  waters.  Barber5  suggested  that  5  to  10 
ppm  of  a  tannin-castor  oil  emulsion  showed  superiority  over  castor 
oil  alone.  Other  workers6  also  suggested  an  emulsified  form  of  castor 
oil. 

In  the  sugar  processing  industry  castor  oil  and  raw  linseed  oil7,  8 
were  found  to  be  superior  to  the  polymerized  or  blown  oils9  in  de¬ 
foaming  molasses.  In  the  cooking  of  beet  juices  to  produce  sugar, 
hnseed  oil^  rapeseed  oil,  and  emulsions  of  either  with  a  mineral  oil 
were  tried,  '  but  there  was  much  disagreement  on  the  effectiveness 
of  these  foam  inhibitors.  One  article12  suggested  that  several  oils  be 
^ept  m  the  plant  so  that  when  one  failed,  another  could  be  tried. 

.  tanek  and  V  ondrak  tried  wool  fat,  coconut  oil,  bone  oil,  and  ani- 
mal  at  m  seventeen  mills  and  found  the  latter  three  to  be  the  best. 

°  1VG  f  .r  added  t0  fermentinS  wort  where  it  proved  t 
One  but  m  distilling  columns  or  in  foam  formed  during  liming  \ 

inhibitor ' 'T  JTeS  thlS  reagent  apparently  failed  to  act  as  a  foam 
nhibitor.  An  emulsion  containing  droplets  of  oleic  acid  ranging  from 
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1  to  10  microns  in  diameter  plus  solar  and  mazut  oils15  was  used  to 
defoam  a  molasses  mash  in  production  of  yeast.  \ 

Pine  oil  together  with  cyclohexanol  anti  tetrahydronaphthalene 
has  been  used  to  defoam  cutting  oil  emulsions15.  Sulfated  shark  liver 
oil,  fish  oil,  or  seal  oil,  neutralized  with  an  alkali,  have  been  used  for 
the  same  purpose17.  Wells18  found  that  when  an  emulsion  containing 
kerosene,  mahogany  soap,  linseed  oil,  and  water  was  added  to  paper 
stock,  it  kept  down  the  foam  on  a  paper  machine.  Fife1 '  claims  that  a 
mixture  of  vegetable  and  animal  oils  acts  to  suppress  foam  during  the 
scrubbing  of  gas  by  bubbling  it  through  an  amine  solution. 

Mineral  oils20,  oil  of  lavender,  pine  oil"1,  and  oxidized  high  molecu¬ 
lar  weight  hydrocarbons"’  have  been  disclosed  as  defoamers  for  glue 
and  size.  In  paper  making  the  use  of  protein  (gelatin,  casein)  and 
dextrin  in  formulations  often  causes  severe  foaming.  Petroleum,  milk 
fat,  peanut  oil,  oil  of  cloves,  vegetable  oils,  and  whale  oil"5  were  found 
to  decrease  the  foaming.  The  use  of  solvents  such  as  esters,  ketones, 
alcohols,  and  phenols  together  with  oils  and  fats24  is  another  method 
of  decreasing  foam  in  paper  and  cardboard  manufacture. 

In  a  vapor  phase  extractive  process  for  recovery  ot  C4H6  from  C4H8 
hydrocarbons,  mineral  oils  and  fatty  oils"5'  “b  have  been  used  to 
prevent  foam.  In  recovery  of  sulfuric  acid,  a  hydrocarbon  extracted 
from  a  “coastal  distillate”  with  phenol2'  is  effective  at  concentrations 


of  5  to  80  ppm.  A  heavy  tar  oil"8  is  suggested  as  a  toam  preventatn  e 
in  naphthalene  scrubbers.  To  control  foaming  during  evaporation  of 
brines  containing  potassium  salts,  a  combination  ot  petroleum  distil¬ 
late  and  chlorine  gas29  was  used.  Mineral  oil  has  been  nsedjo  inhibit 
foam  in  refrigerating  brines30,  in  antifreeze  concentrates’  ,  and  in 
grinding  pigments  and  insoluble  dyes  in  aqueous  media  . 

Sulfated  animal,  vegetable,  and  mineral  oils33  have  been  tried  in 
beet-sugar  refining.  Milk  fat  has  been  used  for  a  number  of  years  as 
a  defoamer;  an  article  by  Leviton  and  Leighton  discusses  its  mode  of 
act  ion34  Degras3  5  and  molten  lard36  are  used  to  control  foaming  during 
fermentation  reactionTT^ras’’’ dissolved  in  naphtha  is  used  to 
control  foaming  of  apple  washers.  Degras  was  used  because  it  is  low 
priced,  does  not  interfere  with  removal  of  spray  residue  leaves  app  es 
in  good  condition,  and  is  effective  in  both  dilute  alkali  and  acid. 

'  Various  waxes  and  combinations  of  waxes  with  other  chemicals 
are  suggested  as  defoamers  for  soluble  cutting  oils.  Such  oils  are 
aqueous  emulsions  of  mineral  oils  and  contain  surface-active  agen 
such  as  alkali  naphthenates,  sulfonates,  and  amine  soaps.  I  he  w  ax 
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of  an  acid  containing  22  or  more  carbon  atoms  is  suggested  in  con¬ 
centrations  of  0.001  to  5  per  cent  as  a  foam  inhibitor  for  this  purpose. 
Vegetable  waxes  such  as  candelilla,  carnauba,  raphia,  cottonseed, 
and  palm  were  found  to  be  effective  in  concentrations  of  0.001  to 
5  per  cent39'40,  but  Showalter41  claimed  that  aluminum  stearate  is 
more  effective  than  carnauba  or  candelilla  waxes.  A  combination  of 
mineral  oil,  montan  wax,  and  an  oil-soluble  metallic  soap  and  an 
ester42  is  claimed  to  be  an  effective  foam  inhibitor.  Formulations  to 
suppress  foaming  during  removal  of  low  polymers  and  monomers  from 
butadiene-styrene  latex  and  chloroprene  latex  are  disclosed  by  Zim¬ 
mer43.  He  says  that  a  mixture  of  0.08  candelilla  wax,  0.24  light  petro¬ 
leum  and  montan  wax  in  spindle  oil  is  effective  in  the  butadiene- 
styrene  latex.  For  defoaming  the  chloroprene  latex  a  mixture  of 
Japan  wax,  calcium,  aluminum,  zinc,  or  magnesium  linoleates  with 
zinc  oxide  or  talc  is  said  to  be  an  excellent  antifoaming  agent. 

A  patent44  claims  that  a  mixture  of  montan  wax  and  lard  oil  sup¬ 
presses  foaming  in  glycerol-water  antifreezes.  Beeswax  added  in 
excess  of  its  solubility  controls  foaming  during  extractive  distillation 
with  furfural  solvent40.  Finally  an  aqueous  emulsion  containing  glyc¬ 
eryl  oleate  or  stearate  and  from  0.12  to  1.5  per  cent  mineral  wax  is 
claimed46  to  control  foaming  of  pulp  and  paper  stock. 

Phosphatides  of  vegetable  or  animal  origin  are  said  to  be  effective  in 
controlling  foaming  during  paper  manufacture47,  in  sugar  refining48, 
and  in  producton  of  margarine49. 


Section  4.  Aliphatic  Acids  and  Esters.  In  a  series  of  studies  of 
ore  flotation,  Lubman  used  ethyl  acetate  and  diethyl  malonate  to 
control  foaming.  The  sulfonated  ester  of  a  mono-  or  poly  carboxylic 
acid  and  an  aliphatic  alcohol  having  one  or  more  tertiary  carbon  atoms 
is  claimed  as  a  foam  inhibitor.  An  example  of  this  type  of  chemical 
is  sulfonated  isobutyl  carbinol  stearate.  Buc52  claims  that  a  concen¬ 
tration  of  stearic  acid  equal  to  0.2  to  2.0  per  cent  of  the  emulsifier 
present  will  control  foaming  of  oil-in-water  emulsions.  Frothing  of 
drilling  muds  containing  a  basic  dye  such  as  methyl  violet  and  posi¬ 
tively  charged  mineral  particles  such  as  bentonite  can  be  inhibited  by 
addition  of  0.05  to  1  per  cent  diglycol  laurate  or  oleate,  isoamyl 
stearate,  or  glyceryl  monoricinoleate53.  Fiske54  suggests  isoamyl  iso- 
valeiate  to  control  foaming  of  protein,  soap,  and  similar  solutions. 

Vater-base  paints  such  as  casein  paint  foam  on  application  with 
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the  result  that  pin  holes  are  left  in  the  paint  after  the  paint  dries  and 
the  bubbles  break.  One  patent55  discloses  that  0.5  to  2  per  cent  diethyl 
phthalate  will  cause  destruction  of  this  troublesome  foam.  An  emul¬ 
sion  6  containing  stearic  acid,  a  glycol  or  polyglycol  ester  of  a  fatty 
acid,  or  an  insoluble  metal  soap,  and  an  emulsifying  agent  is  claimed 
to  be  an  effective  foam  inhibitor  lor  glue  solutions,  paper  pulp  sus¬ 
pensions,  fermentation  masses,  and  starch  pastes  during  processing 
and  evaporation.*  Apparently  a  polyethylene  oxide  ester  is  superior 
to  ethylene  glycol  or  propylene  glycol  esters.  Glyceryl  monohydroxy- 
stearate  in  combination  with  a  hydrophobic  fat  or  mineral  oil  or  wax 
is  used  to  inhibit  foaming  of  glue,  adhesives,  and  sizings0' '  5S.  A  mix¬ 
ture  of  a  fatty  acid  from  soybean,  coconut,  or  peanut  oil  (30  to  40 
per  cent)  and  a  naphthenic,  asphaltum,  or  paraffin  base  hydrocarbon52 
is  suggested  for  use  in  liming  and  carbonating  beet-sugar  juice  before 
filtering  to  eliminate  foam  during  the  filtering  step.  This  mixture 
may  also  be  used  before  and  during  vacuum  evaporation.  Laurie 
acid60  is  suggested  in  beet-sugar  distilleries. 

Addition  of  viscosity  index  improvers  such  as  oil-soluble  poly¬ 
acrylates  increases  foaminess  of  lubricating  oils.  When  such  oils  are 
used  where  they  are  subject  to  agitation,  such  as  in  gears,  severe 
foaming  may  result.  One  patent61  claims  that  0.1  to  5  per  cent  of 
an  oil-soluble,  hydroxyl-containing  ester  of  a  polyhydric  aliphatic 
alcohol  and  a  long-chain  fatty  acid  will  overcome  this  foam.  Ex¬ 


amples  are  glyceryl  monostearate  and  polyglycol  palmitate.  Another 
patent62  suggests  addition  of  0.05  per  cent  of  an  amyl  acetate  dis¬ 
persion  of  the  acetyl  and  the  butyl  ester  of  sulfonated  ricinoleic  acid 
to  gear  oil  containing  extreme  pressure  agents.  Ethyl  oleate,  butyl 
stearate,  and  phenyl  stearate  are  suggested  as  antifoaming  agents 

for  alcohol  antifreeze  mixtures  . 

Fatty  acids  and  esters  have  been  used  in  the  food  industry  to 
eliminate  or  reduce  foam  in  a  variety  of  processes.  For  example,  a 
gum  guaiac,  monostearin  solution  is  used  in  shortening  ,  and  a  mono 
fatty  acid  ester  of  hexitol  polyoxyethylene  is  used  to  reduce  foam  in 
solubilized  oleo  resins  and  essential  oils  and  in  processing  food  proc  - 
ucts65  An  ethyl  ester  of  a  fatty  acid  is  suggested  ”  as  a  foarn  inhibitor 
for  coconut  oil  used  in  frying.  A  higher  fatty  acid  is  claimed  '  to  be  an 
antifoam  in  jelly  making.  The  foaming  of  egg  whites  is  suppressed 

during  the  drying  operation  by  addition  oi  001Per«'lf’fa'1^^ 
and  0.022  to  0.004  per  cent  of  a  proteolytic  enzyme  .  1  v  o  of  t  he  e.t 
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cited  are  glyceryl  oleate  and  erythrol  stearate.  The  enzyme  may  be 
papain,  trypsin,  or  bromelin. 

In  distillation  of  volatile  monomers  from  aqueous  polymer  dis¬ 
persions,  acetic  acid69  was  found  to  be  a  foam  suppressant. 


i 


Section  5.  Alcohols.  The  alcohols  are  a  versatile  group  of  foam 
inhibitors.  They  have  been  used  with  success  in  analytical  methods 
and  various  industries.  For  example,  one  part  of  hard  paraffin,  two 
parts  of  heavy  paraffin  oil,  and  two  parts  of  octyl  alcohol  were  used'0 
to  inhibit  foaming  during  aeration  of  oysters,  clams,  and  scallops  to 
determine  free  nitrogen.  A  solution  of  isoamyl  alcohol  in  acetone  is 
used  as  a  defoamer  in  determining  saponins.  One  to  three  drops  of 
hexanol  were  satisfactory  in  reducing  foaming  during  determination 
of  carbon  dioxide  in  baking  powder71.  Bernhard  '  suggests  a  mixture 
of  two  parts  of  kerosene  with  amyl  alcohol  as  an  excellent  defoamer. 
Octyl  alcohol,  one  of  the  best  known  foam  inhibitors,  was  used  in 
tKe  determination  of  heat  of  reaction  between  oxygen  and  hemo¬ 
globin73,  in  paper  making23' 74,  in  gelatin  glues75,  in  animal  glues20’  76, 
in  fermentation  processes  such  as  production  of  yeast77,  and  in  elec¬ 
troplating  baths7^rA~mixture  of  2-ethylhexanol,  2-propanol,  and 
p-tertiary-amylphenol  is  claimed  to  be  effective  at  concentrations  of 
0.01  to  0.5  per  cent  in  viscose  solutions,  gelatin  solutions,  textile 
leagents,  dye  baths,  and  printing  pastes.  Apparently  a  mixture  of 
glycol  and  2-ethylhexanol  can  be  used  with  little  loss  in  effectiveness79. 

High  molecular  weight  alcohols  obtained  from  synthesis  of  methanol 
by  pressure  reaction  of  hydrogen  and  carbon  monoxide  are  said  to 
be  effective  def earners  for  paper  coating  mixes80’ 81.  Boiling  points  of 
these  alcohols  may  range  from  133  to  above  200°C.  A  mixture  of  6 
parts  petrolatum,  2  parts  sesame  oil,  1  part  decalin;  and  1  part  amyl 

f“h°  1St  C'“med  t0  eontro1  foaminS  of  paper  pulp  stuff”.  A  concern 
tiation  of  oOO  ppm  of  the  mixture  appears  to  be  effective. 

Laurv  alcohol  or  a  mixture  of  cetyl  alcohol,  glycol  tolyl  ether 
and  methyl  cyclohexyl  adipate*4  is  said  to  be  an  antifoaming  agent 

Mwt”  found  ZtanddadheSiVeS  °f  animal  and  vegetable  origin. 

alcohols  rl  ,  "'ere  m°re  effective  than  the  corresponding 

alcohols  for  defoaming  glue  solutions.  He  also  suggested  for  a  given 

“gr  SeneS  that  effect™  ~d  with  Leasing  moTecm 
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It  is  claimed  that  a  liquid  mixture  of  a  solid  aliphatic  alcohol  and  a 
liquid  aliphatic  alcohol  will  suppress  foam  in  yeast  production86. 
A  formula  consisting  of  equal  parts  of  hexadecanol,  tetradecanol, 
and  paraffin  oil  is  used  as  an  example/ 

In  compounded  lubricating  oils,  Borsoff  and  Clayton87  claim  methyl 
salicylate  and  o-hydroxy benzyl  alcohol  as  def earners.  They  also  say 
that  these  chemicals  have  a  more  pronounced  effect  at  elevated  tem¬ 
peratures. 

In  aqueous  systems  such  as  leather  finishes,  water-base  paints, 
and  alkaline  solutions,  alcohols  seem  to  be  effective  foam  suppressors. 
Higher  alcohols88,  mixtures  of  sodium  carbonate  (50  to  75  per  cent) 
with  di(tertiary-amyl)phenoxy ethanol  or  the  corresponding  2-prop- 
anol  or  1-propanol  derivatives  are  reported  to  be  effective89.  The 
phenoxy  alkanols  can  be  formulated  to  suppress  foaming  in  com¬ 
mercial  bottle-washing  machines,  soap  manufacture,  and  distillation 
of  aqueous  systems.  An  example90  is  di  (tertiary-amyl)  phenoxy  eth¬ 
anol  (30  parts)  with  a  dispersant  such  as  lecithin  or  a  sodium  petro¬ 
leum  sulfonate  (10  parts)  plus  a  carrier  such  as  aliphatic  ketones  oi 


alcohols  (40  parts)  and  water  (20  parts).  A  formulation  of  this  type 
is  effective  in  concentrations  as  low  as  0.001  per  cent.  A  companion 
patent91  claims  the  chemicals  alone  as  inhibitors  and  in  addition  to 
the  phenoxy  alkanols  lists  diamylphenol  and  trioctyl  phosphate. 

Oleyl  alcohol  has  been  discussed  as  a  foam  preventative  in  the 
Girbotol  process92.  It  is  reported  that  removal  of  hydrogen  sulfide 
and  carbon  dioxide  from  natural  gas  with  monoethanolamine  solu¬ 
tions  is  hampered  by  foaming.  Use  of  oleyl  alcohol  at  concentrations 
of  10  to  15  ppm  increased  rate  from  14  to  50  million  cu  ft  of  gas  per 
day  by  eliminating  foaming93.  Dodecyl  alcohol  has  been  found  to 
reduce  foaming  of  hydrocarbons  during  treatment  with  used  solutizer 

process  solutions  .  95  , 

Octadecanol  or  dodecanol  containing  barium  hydroxide  reduces 

foaming  in  a  reaction  mixture.  Dihydric  alcohols,  too,  are  used  as 
foam  inhibitors.  For  instance,  high  molecular  weight  dihydric  ali¬ 
phatic  alcohols  with  hydroxy  groups  on  adjacent  carbon  atoms  , 
1 ,3-glycols  or  their  hydroxy  alkyl  ethers  ,  as  well  as  mixtures  con¬ 
taining  propylene  glycol,  triethanolamine,  and  ethyl  acetoacetate 
have  been  patented  as  antifoaming  agents.  Derivatives  of  <1, alkyl- 
cyclohexyl  glycols  such  as  l-(3,5-<limethylcyclohexyl)-l ,3-butane- 

diol  are  the  subject  of  one  patent  . 
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Section  6.  Sulfates  and  Sulfonates.  Surface-active  agents  such 
as  alkali  metal  salts  of  sulfated  alcohols  and  salts  of  sulfonic  acids 
have  been  used  for  foam  control  in  the  field  of  petroleum  production. 
In  extracting  weak  acids  such  as  hydrogen  sulfide  from  hydrocarbons 
containing  “sour”  gasoline  distillate,  an  alkaline  solution  of  oil- 
insoluble  alkali  salt  of  organic  sulfonic  acid  or  sulfate  ester  acid  has 
proved  useful  in  controlling  foam100.  Both  water-soluble101  sulfonic 
acids  and  oil-soluble  “mahogany”  sulfuric  acids102  are  useful  in  re¬ 
covery  of  sulfuric  acid.  The  water-soluble  organic  acid  is  generally 
used  in  a  concentration  range  of  0.1  to  0.5  per  cent  by  volume.  Acidol- 
soap  naphtha  obtained  by  reaction  of  kerosene  alkali  waters  with 
sulfur  dioxide  is  useful  in  drilling  muds103. 

In  the  synthesis  of  alkyl  chlorides  from  hydrochloric  acid  and  an 
aliphatic  alcohol,  the  petroleum  sulfonates,  the  salts  of  alkyl  aromatic 
sulfonic  acids,  and  sodium  sulfosuccinic  esters  are  effective  at  con¬ 
centrations  of  5  to  25  ppmm.  Sodium  lauryl  sulfate  is  useful  in  deep 
fat  frying  using  cottonseed  oil105.  Turkey  red  oil  is  reported  as  a  foam 
inhibitor  during  the  fermentation  and  distillation  steps  in  the  pro¬ 
duction  of  rum106. 


Section  7.  Fatty  Acid  Soaps.  Sodium  stearate  sprayed  on  the  web 
forms  an  insoluble  calcium  soap  and  is  effective  in  controlling  the 
foaming  of  a  paper  stock  containing  rosin  size  and  calcium  resinate107. 
A  mixture  of  aluminum  stearate  and  a  paraffin  solvent  is  useful  in 
papei  coatings  .  For  defoaming  glue109  a  dispersing  agent  such  as 
sulfonated  tallow  is  usually  employed. 

Aluminum,  barium,  calcium,  or  zinc  oleates  or  stearates  are  dis- 
solved  m  pine  oil.  These  solutions  are  claimed  to  be  effective  foam 
inhibitors  for  aqueous  glue  mixtures  used  as  pigment  carriers,  shellac 
borax  solutions  for  leather  dressing,  gum  solutions,  boiler  feed  water’ 
and  calcium  chloride  solutions  used  for  refrigeration110.  Aluminum 
stearate  dissolved  in  stearic  acid  and  diluted  with  paraffin  wax  is 

IfZ  Z  glue  SolutionslU'112-  A  water-insoluble  soap  to- 

r  v  l  i  oxygen-containing  compounds  boiling  above  195°C  is 

dr^rb  °Perati0,1S  -  dressing"8 

asasan;  ,rr  -  — — » 

containing  ,.ll.i,|,|  ,|h„„i,„,n, 
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Gear  oils  or  roller  bearing  oils  subjected  to  violent  agitation  during 
service  foam  severely.  Aluminum  stearate116  at  concentrations  of 
0.05  to  3  per  cent  and  potassium  oleate117  at  0.5  per  cent  are  used  to 
inhibit  this  foaming.  The  latter  soap  is  claimed  not  to  interfere  with 
the  lubricating  qualities  of  oils  containing  sulfurized  sperm  oil  as  an 
extreme  pressure  additive.  Calcium  soaps  of  wool  oleins  at  0.01  to 
0.1  per  cent  and  sodium  alkyl  esters  of  sulfuric  acid  0.1  to  0.5  per 
cent  are  claimed  for  the  same  purpose118. 

Sodium  stearate  is  reported  as  a  defoamer  in  the  process  of  scrub¬ 
bing  exit  gases  from  an  oxidation  process  to  produce  acetic  acid119. 
An  alkali  metal  salt  of  a  rosin  acid  plus  crude  oil  is  claimed  to  reduce 
foaming  of  drilling  muds120.  A  dispersion  of  metallic  soaps  containing 
50  per  cent  water,  a  fatty  acid,  and  a  polyethylene  glycol  is  reported 
to  bean  antifoaming  agent1'1.  In  preparing  ketones  by  heating  fatty 
acids  with  catalysts,  chromium  and  calcium  stearates  were  used  to 
reduce  foam. 


Section  8.  Nitrogen -containing  Compounds.  Possibly  more 
effort  has  been  put  into  the  development  of  foam  inhibitors  for  boiler 
feed  waters  than  any  single  problem  in  the  field  of  foam  destruction. 
Early  work  was  largely  empirical  and  antifoaming  agents  were  na¬ 
turally  occurring  products  such  as  castor  oil,  as  was  pointed  out  in 


the  first  part  of  this  section. 

The  work  of  Bird,  Denman,  Gunderson,  and  Jacoby  in  the  field 
of  nitrogen-containing  defoamers  has  been  outstanding,  these  men 
have  been  successful  in  developing  specific  compounds  for  boiler 
feed  waters  and  have  contributed  much  to  the  understanding  of  the 
mechanism  of  foam  control.  Much  of  the  literature  reported  in  the 
paragraphs  to  follow  is  the  work  of  these  scientists 

The  amines  are  recognized  as  excellent  foam  inhibitors,  u  e- 
cause  of  their  limited  stability  in  high-pressure  steam  the  polyamides 
have  largely  replaced  them.  The  alkyl  amines  such  as  undecyloctyl- 
amine  or  diamylmethylamine1”  were  claimed  to  he  excellent  de¬ 
foamers  for  boiler  feed  water.  More  effective  dispersion  of  an  aromatic 
polyamine  was  reported  to  be  obtained  by  mixing  the  amine  with 
sodium  carbonate,  dissolving  it  in  a  water-soluble  lu.uid^yemuh 
sificationm.  The  use  of  cornmeal  or  tannin  extract  with  d,°cty'a"\ 
or  dodecylamine  was  reported12*.  Heptadecylamme  combined  with 
tannin  Extract  ami  cornmeal  to  yield  a  gelatinized  product  ,s  also 
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disclosed120  in  a  patent.  Other  amines  claimed  as  defoamers  for  boiler 
water  were  ricinoleyl  amine1"5,  and  di-  or  trialkylated  amines  such  as 
tricetyl  amine  and  tri(9-octadecenyl)amine  and  certain  quater¬ 
naries127.  These  latter  surface-active  agents  were  added  as  emulsions 
or  dispersions  or  in  water-soluble  solvents.  As  work  progressed  in 
the  field  of  amines,  these  defoamers  became  more  complex  so  that 
such  products  as  (12-cetyloxy-9-octadecene)cetylamme  "  were  not 
uncommon. 


129 


The  amides  have  the  well-deserved  reputation  of  excellent  foam 
inhibiting  agents  for  boiler  feed  water.  One  of  the  early  patents 
claimed  a  fatty  acid  amide  such  as  stearamide  for  this  purpose.  High 
molecular  weight  substances  with  N-substituted  amide  groups  such 
as  6-palmitoylamino-N-octadecyl-caproamide  were  mixed  with  sodium 
carbonate  and  added  to  boiler  water130,  131.  About  0.01  to  1.0  grain 
per  gallon  were  used. 

Perhaps  the  greatest  effort  in  this  field  was  concentrated  on  the 
polyamides.  Diacyl  derivatives  of  a  polyamine  such  as  hydrazine  or 
an  alkylene  diamine  were  some  of  the  earliest  synthetic  defoamers 
disclosed  for  boiler  feed  waters132.  Acylated  diamines  and  polyamines 
obtained  by  reacting  oleic  acid  and  diethylene  triamine  or  decamethyl- 
ene  diamine  and  myristic  acid  are  reported  in  a  British  patent133. 
Another  patent  claims  the  waxy  condensation  products  of  a  higher 
tatty  acid  with  an  aliphatic  polyamine.  This  product  is  further  con¬ 
densed  with  a  fatty  acid  and  condensation  product  of  %  mole  of  a 
triglyceride  and  y3  mole  of  triethylene  tetramine.  The  final  product 
was  found  to  be  effective  in  concentrations  ranging  from  a  trace  to 
oO  ppm.  The  palmitate  of  the  12-hydroxy-octadecanoic  ester  of 
N- (2 -hydroxy ethyl ) -N -hexadecy  1  -ethy lene  diamine135,  the  dipalmitovl 
amide  of  ethylene  diamme136,  and  high  molecular  weight  condensation 
products  of  ethylene  diamine  and  the  dimer  of  unsaturated  acids  such 

agentTed  ^  ^  ^  ^  ^  daimed  aS  antifoai™g 

Polyamides  such  as  the  high  molecular  weight  mono  or  diacyl 

”e  reported  to  be  effective.  Jacoby  and 

and  N  N'-dinet  T‘  T  ^  SU<,h  polyamides  as  dioleyl  piperazine 

ease  with  whw!th  ““Tr*  °"'ed  *heir  effe<:tiveness  to  the 

ease  with  which  the  compound  formed  hydrogen  bonds  N  TV'  Hi 

substituted  diamides  of  dibasic  acids  could  be  made  more  ^ve 

by  addition  of  sodium  carbonate  or  water-miscible  solvent141  Cfli 

another  amide  claimed  to  be  a  valuable  stet 


am 
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generation  is  a  “substituted  amino-N -substituted  alkanamide” 
RCO  NHNH  CH2CO  NHNH  OCR142.  The  aliphatic  thioamides 
such  as  heptadecyl  thioamide143  and  disulfonamides  of  long-chain 
aliphatic  sulfonic  acids144  are  also  reported  to  be  useful  defoamers  in 
boilers. 

Other  nitrogen-containing  chemicals  are  used  to  control  foaming 
in  a  variety  of  systems.  Alkyl  pyridinium  and  alkyl  quinolinium  com¬ 
pounds14'’  or  their  reaction  products  with  phenols  or  aromatic  nuclear 
sulfonic  acids146  are  suggested  as  foam  inhibitors.  Water-insoluble 
amines  such  as  triamylamine  are  reported14'  to  be  excellent  defoamers 
for  dye  baths.  Oxazolines  are  said14*  to  be  effective  during  fermentation 
and  subsurface  aeration.  Foaming  of  glue,  starch,  and  casein  solutions 
for  paper  coating  is  inhibited  by  introduction  of  approximately  1 
per  cent  of  the  reaction  product  of  a  fatty  acids  with  an  alkylamine  . 
An  example  is  the  cationic  surface-active  agent  obtained  by  reaction 
of  oleic  acid  and  ethylene  diamine.  Quaternaries  are  said  to  control 
foaming  in  synthesis  of  alkyl  amines  from  the  corresponding  alcohol  . 
Basic  acylated  polyamine  alcohols  are  claimed  to  be  good  defoamers 
for  an  alkali  bleaching  agent  at  4  ppm15  . 

The  same  type  of  product  is  effective  in  a  diesel  fuel  oil  at  1  part 
in  4,000.  These  polyamine  alcohols  should  be  dispersed  in  water  or 
diluted  with  aromatic  solvent  before  additon.  In  lubricating  oils, 
salts  of  polymeric  N-dialkyl-arylamines  and  nitro  and  amino 
alkanols152  are  used.  The  reaction  product  of  an  amine  and  a  sul- 
fonated  fatty  oil  such  as  aniline  with  sulfated  castor  oil  is  reported 
to  be  effective  in  lubricating  oil  mixtures  in  concentrations  ot  0.01 

to  5  per  cent103. 


Section  9.  Phosphates.  Many  of  the  patents  concerning  the  phos¬ 
phates  indicate  that  they  are  foam  depressants  for  lubricating  oils. 
Aromatic  amine  salts  of  3-methylbutyl-2-ethylhexyl  orthophos¬ 
phate154  (presumably  identical  with  “isoamyl  octyl  phosphate  listed 
below);  primary  aliphatic  amine  salts  of  diahphatic  substitute 
monothio  phosphoric  acids155;  aniline,  dimethyl  aniline,  or  diethy 
aniline  salts  of  isoamyl  octyl  phosphate  ;  quinoline  >soamyl  octyl 
phosphate151;  pyridine  isoamyl  octyl  phosphate  ;  dimethyl  Pyndine 
isoamyl  octyl'phosphate1 59 ;  and  nicotine  isoamyl  octyl  phospha  e 
are  ali  reported  to  reduce  foaming  of  lubricating  oils.  Concentrations 
i,f  0.01  U>  1  per  cent  of  a  salt  of  alkyl  alkylene  diphosphate  such  as 
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potassium  trioctyl  ethylene  diphosphate  effectively  control  foam  in 
lubricating  oil161. 

Because  of  the  churning  action  of  gears  and  because  ol  additives, 
gear  oils  present  a  difficult  foaming  problem.  Trioctyl  monothio  phos¬ 
phate  and  tri(2-ethylhexyl)monothiophosphate  are  said  to  control 
foaming  of  such  oils16"’. 

Neutral  phosphoric  acid  esters  are  added  to  a  “polyether  mono- 
carboxylic  acid,”  such  as  C4H9OCH2CH2OCH2CO2H.  This  mixture 
is  useful  in  defoaming  mercerizing  liquor163.  Phosphoric  acid  esters 
diluted  with  an  organic  solvent164  are  useful  defoamers.  Various  phos¬ 
phates  are  described  by  Ross  and  McBain160  and  found  effective  in 
synthetic  foaming  systems.  Water-insoluble  phosphate  esters  are 
claimed  to  be  more  effective  when  diluted  with  a  water-miscible  sol¬ 
vent  such  as  ethanol  and  acetone166.  Similarly,  tributyl  phosphate 
dissolved  in  isopropyl  alcohol  was  found  to  be  effective  in  reducing 
foaming  of  soap  solutions  used  for  treating  fabrics167. 


Section  10.  Organo-Silicon  and  Organo-Germanium  Com¬ 
pounds.  The  silicones  are  relative  newcomers  to  the  field  of  foam 
inhibitors,  but  they  have  more  than  made  up  for  lost  time.  Certain 
of  the  silicones  approach  the  goal  of  a  universal  antifoam  and  are 
used  in  a  variety  of  applications. 

Much  of  the  early  work  on  silicon-containing  compounds  indicated 
that  the^silicones  were  excellent  defoamers  for  lubricating  oils.  Early 
patents  '  170  list  a  dihydrocarbon  silicone  such  as  dimethylpoly- 

siloxane  and  polymerized  silicates  such  as  diethylsilicate  as  effective 
foam  inhibitors  for  lubricating  oils.  One  patent169  showed  that  a 
dimethylpolysiloxane  was  effective  in  SAE  50  motor  oil  at  10  ppm. 
For  storage  stability  a  dispersion  of  2  microns  or  less  of  the  silicone 
was  suggested.  Still  another  patent171  lists  aliphatic  silicon  com- 
pounds  containing  two  alkyl  or  two  alkoxy  groups  linked  directly 
to  the  silicone  atom.  Trautman  72  reports  that  viscous  methyl  sili¬ 
cones  are  effective  at  concentrations  as  low  as  5  ppm. 

Organo-silicon  polymers  have  been  found  effective  in  reducing 
oaming  during  production  of  a  reversible  high-temperature  grease173 
C  y  clic  organo-silicon  condensation  polymers  are  reported174  very  ef 
ectn  e  m  vacuum  distillation  of  lubricating  oil  stocks,  in  dehydration 

1  S’  a,nd  111  s°ap  formation  by  neutralization  of  fatty  acids  An 
organo-silicon  polymer  in  which  the  organic  radicals  are  Crated 
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alkyl  groups  containing  14  to  24  carbon  atoms,  e.  g.,  dicetyl  silicone175, 
is  effective  in  oil-in- water  emulsions  at  concentrations  of  0.05  to  5 
per  cent.  An  organo-silicon  polymer  containing  silica  is  effective  in 
cooking  varnish  even  at  0.05  per  cent  concentration176  and  in  the 
fermentation  step  in  producing  streptomycin177.  According  to  a  re¬ 
cent  patent1"'1  this  antifoaming  agent  is  comprised  of  a  mixture  of 
silica  aerogel  and  a  viscous  methyl  siloxane  polymer. 

A  silicone  oil  terminated  with  hydroxyl  groups  such  as  diethyl 
diphenyl  disiloxane  diol  at  concentrations  ranging  from  1  to  10,000 
ppm  effectively  controlled  foam  during  removal  of  water  from  spumif- 
erous  materials1'8.  For  instance,  in  heating  a  mixture  of  petrolatum, 
hydrogenated  fish  oils  and  calcium  hydroxide,  the  addition  of  0.001 
part  of  the  diol  decreased  the  heating  time  from  3  to  0.5  hours  and 
the  kettle  operated  at  instead  of  capacity. 

Polymeric  dimethyl  silicones  are  effective  during  distillation  of 
volatiles  from  synthetic  elastomeric  latices1'9.  In  concentration  of 
surface-active  agents  by  boiling  off  water,  addition  of  butyl  trichloro- 
silane  or  the  corresponding  ethoxy  compound  is  said  to  be  an  excellent 
defoamer180  above  80°C.  It  is  believed  that  upon  addition,  the  reactive 
silane  hydrolyzes  to  form  butyl  silane  triol.  I  he  tri-  or  tetra-alkyl 
silanes  are  dissolved  in  a  combination  of  a  water-soluble  and  a  water- 
insoluble  solvent181.  A  formulation  might  be  tributyl  silane,  2-ethyl 


hexanol,  and  2-propanol.  This  solution  is  a  foam  inhibitor  for  gelatin 
and  viscose  solutions  used  in  paper  and  textile  operations  or  in  fei- 
mentation.  High  molecular  weight  methyl  (chloromethyl)  siloxanes 
converted  to  polyhydric  alcohols  are  claimed182  as  foam  suppressants. 

Organo-silicon-phosphorus  compounds  have  been  reported  to  be 
defoamers  for  oil.  Such  a  chemical  containing  at  least  one  Si-O-P 
group  with  organic  groups  on  Si,  P,  or  both  is  described  in  a  patent  . 
For  example,  dichlorodimethyl  silane  is  reacted  with  sodium  ethyl 
isoamyl  phosphate.  The  reaction  product  of  an  organic  silicon  halide 
with  phosphoric  acid  or  its  derivatives  is  said  to  defoam  petroleum 
oils184.  In  this  latter  patent  a  typical  reaction  cited  is  that  between 
disodium  ethyl  phosphate  and  dichlorodimethyl  silane.^ 

Cyclic  trimers  of  dialkyl  germanium  oxide  are  cited  as  being 
antifoaming  agents  for  gear,  aviation,  and  diesel  oils.  Such  compoun  s 
as  dimethyl  germanium  oxide  trimer  and  diethyl  germanium  oxi  e 
trimer  are  said  to  he  effective  in  SAE  50  motor  oil  at  0  1  to  0.01  per 
cent.  In  tests  a  dispersion  in  petroleum  oil  with  droplets  of  -  to  O.d 

microns  was  used. 
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Section  11.  Sulfides  and  Thio  Compounds.  Metallic  deriva¬ 
tives  of  thio  ethers  and  disulfides  derived  from  the  orthohydroxy 
derivative  of  stearophenone,  laurophenone,  etc.,  are  mixed  with 

organic  phosphite  esters  to  yield  a  foam-inhibiting  agent  for  lubricat- 

•,186 
mg  oil  . 

Other  sulfur-containing  compounds  claimed  to  be  effective  foam 
inhibitors  are  long-chain  alkyl  thienyl  ketones18',  organic  compounds 
containing  either  sulfur  or  oxygen  for  Solutizer  process  solutions188, 
and  mixed  thienyl  alkyl  ketones189  such  as  2-stearoyl-thiophene  and 
2-lauroyl-thiophene  for  boiler  waters. 


Section  12.  Halogenated  Compounds.  Carbon  tetrachloride 
and  other  liquid  aliphatic  chlorinated  hydrocarbons  are  said  to  be 
effective  as  defoamers  for  vegetable  protein  glues190,190a.  A  halogenated 
aromatic  or  aliphatic  amine  such  as  the  chlorination  product  of 
undecylamine  which  is  subsequently  hydrolyzed  to  obtain  an  hydroxy 
compound  is  cited  as  a  defoamer  for  boiler  water191.  About  35  per  cent 
of  this  material  is  mixed  with  55  per  cent  tannin  extract,  5  per  cent 
bentonite,  and  5  per  cent  corn  starch  to  aid  in  dispersion.  A  polymer 
of  a  chlorofluoroolefin  is  reported  to  be  effective  in  dehydration  of  an 
aqueous  mixture192. 


Mineral  oils,  fatty  acids,  alcohols,  and  similar  materials  which 
foam  during  aeration  or  distillation  are  reported  to  be  effectively 
defoamed  by  addition  of  a  polymeric  derivative  of  chlorofluoro  organic 
compounds  with  most  or  all  of  the  hydrogen  replaced193.  An  example 
is  trichlorotrifluoropropene  polymerized  to  10  to  50  carbon  atoms 
A  fluoro-organic  compound  was  found  to  possess  defoaming  char¬ 
acteristics  at  0.001  to  10  per  cent  in  compounding  the  metal  sulfonate 
of  a  petroleum  sulfonic  acid  in  oil194.  A  similar  highly  fluorinated  ali¬ 
phatic  hydrocarbon  is  reported  effective  in  lubricant  compositions 

S ‘  metaI  °-°rganic  derivatives  and  used  as  pressure  transfer 
media  Concentrations  of  0.0001  to  10  per  cent  of  highly  fluori¬ 
nated  aliphatic  and  cyclo-ahphatic  hydrocarbons  containing  5  to  50 
carbon  atoms  and  one  more  fluorine  than  carbon  atom  are  said  to 
con  ro  oaming  in  lubricating  oil  compositions,  heavy  duty  engine 

ImZPc  1 7  7l  111  Pr°dUCti0n  °f  met  al  P^-tes  and  phene 

sulfides  Completely  fluorinated  hydrocarbons  containing  a  maxi 

urn  of  per  cent  hydrogen  and  5  to  10  carbon  atoms  are  reported  as 
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effective  defoamers  for  oils  containing  fumarates,  polyfumarate,  and 
polyhydric  alcohols197. 


Section  13.  Inorganic  Compounds.  Disodium  phosphate  is 
claimed  to  be  a  defoamer  for  a  liquid  coffee  concentrate  when  it  is 
diluted  with  carbonated  water198.  The  use  of  peptizing  agents  such  as 
10  to  12  per  cent  of  trisodium  phosphate  with  boiler  water  antifoams 
is  said  to  aid  in  promoting  an  extremely  fine  state  of  subdivision  and 
to  increase  the  life  of  the  antifoam  so  that  it  is  suitable  for  use  in 
wayside  watering  tanks  for  locomotives199.  A  mixture  of  boric  acid, 
monosodium  phosphate,  and  ethyl  carbonate  is  cited  as  a  defoamer 
in  distillation  of  styrene  from  copolymer  latex"00. 

Alkali  salts  of  sulfuric  and  sulfurous  acids  are  claimed  to  be  foam 
inhibitors201.  It  is  reported  that  about  0.5  per  cent  of  magnesium 
sulfate  acts  to  control  foam  during  Arndt’s  distillation  of  nitrates  . 
Ferric  sulfate  is  claimed  as  an  antifoam  in  cutting  oil  emulsions  . 


Ferrous  sulfate  and  other  soluble  iron  salts  act  as  defoameis  by  pie- 

cipitating  soluble  frothing  agents204. 

Colloidal  micelles  containing  silica  and  a  heavy  metal  oxide  in  the 
ratio  of  4  to  1  are  claimed  to  reduce  foam  formation  in  boilers  . 
A  mixture  of  85  per  cent  (minimum)  alkali  metal  hydroxide,  2  to  6 
per  cent  alkali  sulfate,  and  3  to  11  per  cent  soluble  alkali  silicate  is 
apparently  effective  in  defoaming  beverages,  metal  salts,  proteins, 
and  carbohydrates206.  Holmes207  suggested  sodium  aluminate  to  con¬ 
trol  foaming  of  boiler  water,  Carrick208  suggests  that  treatment  with 
sodium  carbonate  plus  frequent  boiling  will  reduce  foaming  in  loco¬ 
motive  boilers. 

Sodium  carbonate  and  a  coagulant  such  as  an  aluminum  or  iron 
salt  apparently  cause  precipitation  of  foam-forming  substances  m 
the  recovery  of  acetic  acid  after  acetylation  of  cellulose  .  Calcium 
acetate  added  to  ethylene  glycol  cooling  systems  in  concentrations 
of  0  1  per  cent  or  less  is  claimed  to  be  an  effective  foam  inhibitor  . 

Solid  foam  inhibitors  are  also  found  in  the  literature.  Bentonite, 
0  01  to  1  per  cent,  is  claimed  to  reduce  foaming  of  return  water  from 
extraction  of  sugar-bearing  materials11.  Bauxite  's  me^.oned  in 
coking  pitch212.  Finely  powdered  carbon  is  said  to  be  effective  in 
producing  phenol  salts213  and  Mack214  reports  that  a  mixture  of  dry 
pumice  and  redistilled  oleic  acid  is  helpful  during  distillation  of  water 

from  oils. 
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Section  14.  Miscellaneous.  An  insoluble  gas  such  as  air,  nitro¬ 
gen,  or  natural  gas  was  reported  to  prevent  foaming  in  steam  boilers 
when  the  gas  was  bubbled  through  the  steam-water  interface"  . 
Frothing  of  sugar  molasses  is  reduced  by  covering  their  surface  with 
water215*.  Cohen216,  217  said  that  application  of  chlorine  to  crude 
influent  reduces  the  foam  in  Imhoff  tanks.  Luisada218  says  that  ethyl 
alcohol  vapor  assists  in  the  therapy  of  paroxysmal  pulmonary  edema 
(foaming  in  the  lungs). 

Starch  is  said  to  control  foaming  of  paper  stock  containing  an 
acid-soluble  filler219.  Starch  or  a  starch  carbohydrate  is  claimed  ef¬ 
fective  in  boiler  water220.  A  tannin  extract  apparently  acts  as  a  syn¬ 
ergist  with  amines  in  controlling  foam  in  the  same  use221.  A  mixture 
of  starch,  trisodium  phosphate,  and  sodium  carbonate  is  claimed  for 
the  same  purpose  . 

The  foaming  of  kaolin-casein  suspensions  used  in  paper  coating  is 
reduced  by  addition  of  2  per  cent  based  on  the  casein  of  a  rubberine 
gel  •  A  proteolytic  enzyme  such  as  pepsin,  papain,  or  bromelin  is 
claimed  to  act  as  a  defoamer  during  the  thinning  of  fermented  egg 
whites224.  A  0.5  per  cent  solution  of  cholesterol  in  ethanol225  is  help¬ 
ful  in  reducing  foaming  during  a  micro-Kjeldahl  distillation.  Raw 
milk  reduces  foaming  of  warm  glue  solutions226.  French227  suggested 
that  tannin  combined  with  other  defoamers  possessed  synergistic 
action  and  improved  the  foam-inhibiting  action. 


COMMERICAL  DEFOAMERS 

Section  15.  ihe  author  was  forced  to  depend  to  a  large  extern 
upon  the  generosity  of  the  various  manufacturers  in  submitting  tech 
nical  end  use  information  about  their  defoamers.  While  every  effort 
v  as  made  to  include  all  commercial  defoamers,  some  may  have  beer 
overlooked;  such  omissions  are  due  to  the  author’s  ignorance  anc 
are  entirely  unintentional. 

Wherever  possible,  these  defoamers  are  grouped  according  tc 
chemical  type.  & 


Section  16.  Esters.  Chemically.  "Diglycol  Laurate  S”*  is  diethyl 
ene  glycol  laurate-a  straw-colored  liquid.  It  is  insoluble,  but  dispe, 
sible  in  water  and  soluble  in  most  organic  solvents22?.  This  ester  i 
*  Glyco  Products  Co.,  Inc. 
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almost  odorless  which  is  one  reason  it  has  taken  the  place  of  pine  oil 
and  kerosene  in  many  paper  mills. 

“Diglycol  Laurate  S”  has  been  found  to  be  a  defoaming  agent  in 
coating  operations  in  paper  mills.  It  is  especially  useful  in  combating 
foaming  of  proteins  and  as  small  an  amount  as  0.1  to  1  per  cent  based 
on  protein  present  effectively  retards  foam.  In  some  paper  mills,  20 
ppm  based  on  total  solids  or  8  ppm  based  on  the  weight  of  the  entire 
coating  composition  including  the  water,  is  used.  The  necessary 
amount  of  “Diglycol  Laurate  S”  will  vary  widely,  however.  It  is  re¬ 
ported  that  this  ester  is  5  to  6  times  more  effective  than  octyl  alco¬ 
hol228.  It  is  effective  in  concentrations  seldom  exceeding  0.1  per  cent. 

“Diglycol  Laurate  S”  is  also  used  in  foaming  problems  involving 
casein,  whey,  and  emulsions229.  About  10  to  30  per  cent  “Foamex”* 


sometimes  enhances  its  defoaming  properties. 

Other  fatty  acid  esters228  used  to  inhibit  foaming  are  “Glyceryl 
Monoricinoleate  S,”  “Glyceryl  Mono  Laurate  S-547,”  and  “Propylene 
Glycol  Mono  Laurate  S-1003.”*  The  latter  two  are  used  as  defoamers 
in  the  food  industry.  Recent  indications  are  that  “Glyceryl  Mono¬ 
ricinoleate  S”  may  be  a  defoamer  in  latex  emulsions  as  well  as  an 

auxiliary  stabilizer  or  emulsifier  . 

The  preceding  chemicals  are  used  primarily  in  aqueous  systems. 
They  do  not  appear  to  be  satisfactory  foam  inhibitors  for  hydrocarbon 
or  other  organic  solutions.  “Polyethylene  Glycol  400  Mono  Laurate”* 
shows  some  promise  as  a  foam  inhibitor  in  specialized  problems  wheie 
foaming  is  encountered  in  hydrocarbon  solutions.  It  is  interesting 
to  note  that  this  ester  is  soluble  in  water,  but  is  poorly  soluble  in 
certain  hydrocarbons  such  as  mineral  oil. 

Another  ester  of  importance  as  a  defoamer  is  “Span  85  t  which 
is  sorbitan  trioleate.  It  is  a  thin  oily  liquid,  amber  in  color,  and  is 
dispersible,  but  not  soluble,  in  water.  It  is  soluble  m  most  organic 
solvents230.  Only  small  amounts  are  usually  required.  For  instance 
one  pint  eliminates  the  foam  produced  during  the  manufacture  o 
1  000  gallons  of  yeast.  Approximately  90  ppm  eliminates  foam  pro¬ 
duced  in  the  cooking  of  the  glue  gelatin.  This  product  may  be  used 
effectively  as  an  antifoaming  agent  in  the  preparation  of  casein 
coatings  for  paper  application.  Here  too  only  a  small  amount  is  needed. 
Too  high  a  concentration  will  cause  “fish  eye”  format, ons  m  the  paper^ 
“Span  85”  is  also  successfully  employed  as  a  defoamei  m  i 


*  Glyco  Products  Co.,  Inc. 
f  Atlas  Powder  Co. 
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and  plastic  glues  used  for  book  binding  and  many  other  purposes. 
The  actual  amount  needed  depends  upon  the  process.  Best  results 
are  obtained  if  the  antifoaming  agent  is  used  immediately  prior  to 
the  stage  where  the  foam  is  usually  produced. 


liquid  possessing  a  red  amber  color.  It  is  dispersible  in  water  and  sol¬ 
uble  in  many  organic  solvents.  “Tween  20”*  is  a  polyoxyethylene 
sorbitan  monoalurate230  which  is  a  lemon-orange,  oily  liquid  soluble 
in  water  and  in  many  organic  solvents.  It  is  used  occasionally  with 
oil  solutions,  but  as  a  general  rule  this  material  actually  promotes 
foam  in  aqueous  solutions. 

Both  of  these  products  have  been  successfully  employed  as  anti- 
foaming  agents  in  licorice  solutions,  in  protein  digests,  in  evaporation 
of  aqueous  solutions  and  dispersions  of  organic  materials,  in  opera¬ 
tions  involving  caustic  solutions  of  certain  inorganic  salts,  in  yeast 
manufacturing,  in  cooking  of  gelatin,  and  in  phosphoric  acid  manu¬ 
facture231. 

In  the  paper  industry  the  action  of  beaters  and  similar  equipment 
enhances  ioaming.  In  addition,  additives  in  the  furnish  may  aggravate 
this  tendency  to  foam.  Foaming  may  be  severe  enough  to  be  seen  or 
it  may  consist  of  a  dispersion  of  tiny  bubbles  of  air  in  the  water. 
The  latter  condition  may  cause  trouble  in  sheet  formation.  The  pH 
may  vary  widely  in  different  operations.  A  foam  inhibitor  in  the  paper 
industry  must,  first  of  all,  effectively  defoam  and  reduce  bubble 
formation  under  these  conditions.  Second,  it  must  be  easily  added 
and  have  no  effect  on  other  chemicals  in  the  furnish.  Third  it  ™„*t 


face  where  it  is  needed.  Fourth,  small  concentrations  must  do  a  satis 


factory  job. 


*  Atlas  Powder  Co. 
t  National  Aluminate  Corp. 
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industry,  “Naleo  71”  is  used  at  the  rate  of  0.25  to  1 .0  lb/ton  of  furnish 
and  is  effective  from  pH  4  to  pH  9.5. 

“Naleo  71-1)5”*  is  a  liquid  mixture  consisting  of  a  polyglycol  and 
a  fatty  acid  base  surface-active  agent,  as  well  as  chemicals  to  promote 
emulsification  and  to  increase  emulsion  stability.  This  product  is 
pale  straw  in  color  and  possesses  a  faint  aromatic  odor234.  According 
to  the  manufacturer  “Naleo  71-D5”  is  recommended  to  inhibit  foam¬ 
ing  in  extraction  of  protein  and  in  coating  formulations,  adhesives, 
and  paper-making  processes.  In  addition,  it  is  said  to  control  foaming 
in  acid  cleaning,  waste  disposal  plants,  and  evaporators.  It  is  not 
recommended  for  boiler  water234.  Concentrations  may  vary  from  1  to 
200  ppm  depending  upon  the  particular  foaming  system.  It  should  be 
dispersed  and  used  in  the  same  manner  as  “Naleo  71.” 

“Defoamer  ED,”f  a  comparatively  new  antifoam,  is  essentially  a 


mixture  of  high  molecular  weight  esters  probably  based  on  coconut 
oil  fatty  acids  and  containing  solid  particles'235.  When  latex  paints  are 
applied  to  a  surface  with  a  roller,  the  formation  of  foam  frequently 
results  in  a  cratered  or  blistered  surface.  This  ester  is  an  excellent 
defoamer  for  latex  paints  and  thus  ensures  a  smooth  coating.  It  can  be 
dispersed  directly  into  the  paint  or  one  of  the  constituents.  Con¬ 
centrations  as  low  as  0.1  per  cent  by  volume  have  proved  effective. 
According  to  the  manufacturer,  “Defoamer  ED”  has  had  some  ac¬ 
ceptance  in  the  textile  field  and  experimental  work  is  under  way  in 

other  types  of  foaming  problems238.  .  „  , 

“Nopco  KF”J  is  believed  to  be  a  mixture  of  partially  esterifieci 

glycerin  and  a  wax.  It  is  used  as  an  antifoaming  agent  in  paper  making 
and  is  added  to  the  slurry  as  an  emulsion.  About  0.1  per  cent  calcu¬ 
lated  on  the  weight  of  the  dry  pulp  is  said  to  be  effective 

A  chemically  similar  defoamer,  “Nopco  1907,’  J  is  used  to  defoam 
glues  of  animal  origin  when  high-speed  mechanical  application  of  the 

glue  may  cause  excessive  foaming. 


Section  17.  Polyamides.  The  polyalkylene  polyamides  are  recog¬ 
nised  as  excellent  foam  inhibitors  in  aqueous  systems,  P»tit*i  y  >" 
h  eh  pressure  steam  boilers.  Not  only  do  these  chem.cals  inhibit 
foam,  but  they  also  aid  in  steam  purification  by  reducing  entrainment 


*  National  Aluminate  Corp. 
f  El  Dorado  Oil  Works. 

\  Nopco  Chemical  Co. 
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of  water  in  the  steam  in  the  form  of  an  aerosol.  Usually  0.2  to  2  ppm 
are  sufficient  to  do  an  excellent  job.  One  of  the  preferred  polyamides 
for  commercial  use  is  tetranaphthenoyl  triethylene  tetramine  .  Ihis 
chemical  is  an  amber,  high-boiling,  very  viscous  liquid  insoluble  in 
water,  but  soluble  in  most  organic  solvents. 

In  practice  the  polyamide  is  seldom  used  alone.  Usually  it  is  added 
as  an  emulsion  in  combination  with  various  synergistic  agents  such 
as  tannins.  In  addition,  alkali  salts  are  usually  mixed  into  the  formu¬ 
lation  to  aid  in  dispersing  the  compound  in  boiler  feed  water238,  23J. 

These  polyamide  formulations  are  said  to  reduce  entrainment  of 
water  in  steam;  to  possess  excellent  foam-inhibiting  properties;  and 
to  be  long  lasting  and  effective  in  any  type  of  water.  In  addition,  they 
are  reported  to  promote  formation  of  individual  steam  bubbles  on 
the  heater  surface  and  thus  provide  maximum  heat  transfer  and  wet¬ 
ting  at  the  metal-water  interface.  They  can  be  introduced  with 
regular  water  treatment240. 

Dearborn  treatment*  No.  659  is  a  powder  and  No.  693  a  briquette. 
The  former  is  introduced  as  a  dilute  dispersion  in  water  while  No. 
693  can  be  added  directly  by  means  of  a  feeder  bypass  line.  Other 
polyamide  defoamers  are  No.  666,  a  powdered  medium  organic  al¬ 
kaline  treatment;  No.  690,  which  is  No.  666  in  briquette  form;  and 
No.  640,  a  caustic  paste  medium  organic  alkaline  treatment.  These 
formulations  are  intended  to  inhibit  foaming  of  high-pressure  boilers, 
lor  low-pressure  boilers  and  evaporators  No.  662,  a  powdered  com¬ 
bination  antifoam  and  antiscale  agent,  is  suggested240. 

“Nalco70”|  isa  dark  amber  liquid  of  the  acylated  polyamide  type241. 
It  possesses  an  odor  of  tannin.  This  antifoam  is  not  dilutable  with 
water,  but  can  be  diluted  with  a  solvent  for  feeding  to  the  foaming 
system. 

_  This  chemical  is  used  to  inhibit  foaming  at  high  pH  and  from  1  to 
50  ppm  are  usually  required.  It  is  reported  by  the  manufacturer  to 
be  effective  in  paper  mill  digesters  employing  either  the  sulfite  or 
sulfate  process;  also  in  sewage  effluents  and  in  processing  caustic240. 


Section  18.  Alcohols.  “Foamacide  L”J  is  an  antifoam  agent 
based  on  ditertiary  amyl  phenoxyethanol242.  Not  much  information 
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is  available  in  the  literature  concerning  the  uses  of  this  agent,  but 
it  has  been  employed  successfully  to  control  foaming  in  bottle  washers. 

The  “Ucon”  oils*  may  be  considered  as  monohydric  alcohols.  These 
polyoxyalkylene  fluids  range  in  molecular  weight  from  300  to  15,000 
and  are  a  family  of  polymers  rather  than  a  single  product.  They  are 
said  to  possess  foam-inhibiting  properties  for  aqueous  solutions,  petro¬ 
leum  oils,  and  organic  liquids243.  Apparently  they  are  most  effective  in 
hot  aqueous  solutions  and  in  suspensions  of  solids  in  liquids.  Their 
effectiveness  in  hot  aqueous  systems  may  be  related  to  their  reverse 
solubility  characteristics.  That  is,  the  I1B  series  in  particular  becomes 
less  soluble  in  water  as  the  temperature  is  increased.  The  HB  series 
was  recently  reported  to  be  effective  in  controlling  foaming  of  boiler 
feed  water.  The  reverse  solubility  property  just  mentioned  may  cause 
this  type  of  antifoaming  agent  to  act  at  the  water-steam  interface. 

The  manufacturer  further  suggests243  that  a  mixture  of  “Ucon 
50-HB-3520”  and  heptanol-3  is  a  more  effective  antifoaming  agent 
for  a  liquid  soap  formulation  than  is  either  chemical  alone. 

“Monsanto  AE-l”f  is  a  high  molecular  weight  alcohol  containing 
an  ester  linkage.  It  is  a  light-brown  viscous  liquid  with  a  flash  point 
of  about  315°F.  and  a  boiling  point  of  225°C  at  15  mm  of  mercury. 
It  is  insoluble  in  water,  but  soluble  in  most  solvents244. 

“Monsanto  AE-1”  has  been  reported245  to  be  effective  in  controlling 
foam  in  production  of  ethyl  alcohol  from  molasses  where  about  one 
quart  (4  ppm)  is  charged  to  a  60,000-gal  fermenter.  During  distilla¬ 
tion  of  beer,  about  33  ppm  of  “AE-1”  is  added  drop  wise  at  the  suction 
pump  feeding  the  still.  One  quart  (270  ppm)  is  effective  when  added 
to  7,000  to  8,000  lb  of  wet  glycerin,  the  batch  being  heated  to  180  F. 
at  28  in.  of  vacuum  in  order  to  evaporate  the  water.  About  1.5  °z  of  this 
product  in  300  gal  of  3  per  cent  caustic  soda  solution,  used  in  a  Miller- 
Hydro  bottle  washer,  controls  foaming  effectively.  In  yeast  produc¬ 
tion  and  various  other  fermentations,  “AE-1”  is  said  to  be  an  effective 
defoamer  at  50  to  500  ppm.  About  0.5  to  1.5  per  cent  is  incorporated 
in  polystyrene  latex,  water  dispersions,  paints,  and  coatings  to  con¬ 
trol  foaming-  In  general,  it  is  said  to  be  an  effective  defoamer  at  50 

t0  Other^commercially  available  alcohols  which  possess  foam-inhibit- 
in„  properties  are  2-ethylhexanol,  undecanol,  tetradecanol,  and  hepta- 
decanoh  The  first  mentioned  alcohol  has  been  used  to  control  foaming 
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in  the  varnish,  photographic,  ceramic,  and  paper-coating  industries  . 
The  latter  three  agents  are  used  when  high-boiling  antifoaming  agen  s 
are  necessary.  In  production  of  penicillin,  heptadecanol  has  been 
used  to  control  foaming  during  fermentation  . 


Section  19.  Silicones.  The  silicones  represent  an  entirely  new  class 
of  chemical  compounds  which,  in  spite  of  their  newness,  have  achieved 
rapid  acceptance  as  exceptionally  effective  foam  inhibitors. 

The  commercial  forms  of  the  silicones  are  water-insoluble  methyl- 
polysiloxane  fluids,  a  silicone  fluid  containing  silica,  or  an  emulsion 
of  either.  The  methylsiloxane  containing  finely  divided  silica  is  gen¬ 
erally  described  as  a  compound  to  differentiate  it  from  the  silicone 
fluids  and  is  more  generally  useful  than  the  silicone  fluids. 

The  fluids  are  useful  primarily  in  nonaqueous  systems.  A  few  of  the 
uses  and  the  concentration  ranges  found  effective  are  in  lubricating 
oils,  1  to  10  ppm;  asphalt  and  tar,  4  to  10  ppm;  varnish  cooking  1  to 
40  ppm;  and  in  vegetable  and  animal  fats  and  oils,  1  to  40  ppm. 

The  compound  is  useful  in  either  aqueous  or  nonaqueous  systems. 
Concentrations  necessary  for  foam  control  may  vary  from  0.25  to 
100  ppm.  For  instance,  processing  of  tars  and  asphalts  may  require 
0.25  to  5  ppm;  fats,  4  to  10  ppm;  resins  and  varnishes,  0.5  to  40  ppm; 
and  detergents  and  similar  surfactants,  40  to  100  ppm.  Usually  the 
compound  is  dispersed  in  a  solvent  before  adding  to  the  foaming 
system. 

“Antifoam  A”*  is  a  colorless,  translucent  compound24'  which  is 
practically  inert  physiologically248,  24J.  Because  of  this  very  low  order 
of  toxicity  it  is  used  to  defoam  blood  during  aeration  in  the  artificial 
lung25  and  is  being  investigated  to  control  foaming  in  treating  severe 
cases  of  pulmonary  edema.  It  is  also  being  investigated  as  a  defoamer 
in  penicillin  production251.  Though  insoluble  in  water,  it  is  dispersible 
in  hydrocarbon  solvents.  Emulsions  of  this  defoamer  for  easy  dis¬ 
persion  in  water  are  commercially  available  under  the  names  “Anti¬ 
foam  A  Emulsion”  and  “Dow  Corning  Antifoam  AF  Emulsion.”  The 
latter  contains  emulsifiers  commonly  used  in  the  food  processing  in¬ 
dustry. 

The  General  Electric  Company  manufactures  a  somewhat  similar 
compound  known  as  ‘\SS-66.”  This  is  a  pale  gray  semifluid  product 
dispersible  in  many  solvents,  but  insoluble  in  water253.  No  informa- 
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tion  is  available  concerning  the  toxicological  properties  of  this  de- 
foamer. 

General  Electric  also  produces  a  series  of  fluids  based  on  methyl- 
polysiloxane"  The  most  popular  viscosity  grades  of  these  water- 
white  fluid  series  are  “SF  96  (100)”  for  viscous  hydrocarbons  and 
“SF  96  (500)”  for  very  fluid  oils. 

Dow'  Corning  manufactures  a  “200”  series  of  methylpolysiloxanes 
and  suggests  the  100  cs.  and  1,000  cs.  fluids  as  effective  foam  in¬ 
hibitors. 

“Foamacide  S”*  consists  of  twro  liquid  antifoaming  agents  ad¬ 
sorbed  on  a  mild  alkali  carrier254.  One  of  the  active  materials  is  a 
silicone242.  The  product  has  the  appearance  of  a  moist  powder.  It  is 
suggested  for  use  in  pressure  or  hydro-bottle  wrashing  machines  to 
reduce  excessive  foaming.  The  general  recommendation  is  to  add  1  oz 
of  “Foamacide  S”  to  100  gal  of  alkali  solution  with  further  additions 
as  necessary  to  inhibit  foaming.  The  defoamer  will  apparently  con¬ 
trol  foaming  satisfactorily  without  retarding  the  action  of  alkali. 
It  is  said  to  be  safe  to  use  and  easy  to  handle. 


Section  20.  Miscellaneous.  “Defoamer  4”f  is  produced  in  23^-lb 
bricks  w'hich  are  dispersed  in  hot  water  containing  soda  ash255.  The 
dispersion  prior  to  use  contains  0.75  per  cent  defoamer.  Its  chemical 
formulation  is  not  known. 

The  manufacturer  reports  that  in  the  diluted  state  the  defoamer 
has  excellent  stability  providing  the  brick  is  dispersed  in  soft  or 
softened  water.  Very  little  information  is  available  on  the  applica¬ 
tions  of  this  foam  inhibitor  although  it  has  been  reported  that  “De¬ 
foamer  4”  works  effectively  as  an  antifoam  during  concentration  of 
synthetic  latices  by  distillation. 

“Foamex”!  is  a  pale  yellow'  liquid  which  is  insoluble  in  wrater,  but 
soluble  in  most  solvents256.  It  is  suggested  for  foam  inhibition  in 
manufacture  of  aqueous  solutions  of  glue,  casein,  gelatin,  and  shellac. 
It  can  be  incorporated  in  the  water  before  making  the  solution  or 
added  to  the  solution  directly.  Usually  about  1  oz  in  10  gal  is  adequate. 
In  some  instances  the  manufacturer  suggests  dissolving  “Foamex 
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in  2  to  3  parts  of  “Diglycol  Laurate  S”  before  adding  to  the  solution 
to  be  defoamed.  This  technique  reduces  the  tendency  to  form  oil  spots. 

When  photographic  film  is  run  through  developer  solution  at  high 
speeds,  foam  is  generated.  About  1  oz  of  “Foamex”  to  100  gal  of 
developing  solution  is  sufficient  to  inhibit  foaming. 

“Foamex”  is  being  used  in  many  industries  to  combat  foaming  in 
cosmetics,  paints,  and  paper.  It  is  also  used  to  inhibit  foaming  during 
the  production  of  various  types  of  emulsions. 

Tributyl  phosphate2"7*  is  a  colorless  liquid  very  slightly  soluble 
in  water,  but  miscible  with  many  organic  solvents.  This  chemical 
is  used  as  a  defoamer  in  synthetic  latex  paints  where  1  per  cent  or 
less  is  sufficient  to  reduce  foaming  during  production,  packaging, 
and  application  of  the  paint.  Tributyl  phosphate  is  used  in  the  paper 
industry  in  concentrations  in  the  neighborhood  of  0.1  per  cent  based 
on  the  solids.  It  leaves  no  residual  odor.  This  phosphate  is  useful  at 
low  concentrations  (100  to  1000  ppm)  in  controlling  foaming  of  water 
adhesives  and  textile  sizes,  inks,  detergent  solutions,  and  casein  so¬ 
lutions.  It  is  suggested  that  tributyl  phosphate  be  dissolved  in  an  al¬ 
cohol  or  other  solvent  and  sprayed  on  the  surface  of  the  foam  in 
order  to  obtain  good  dispersion  and  optimum  results. 

“Nopco  1333,”  “Nopco  1497,”  and  “Nopco  1497B”f  are  a  series 
of  defoamers  reported  to  contain  aluminum  stearate  as  one  of  the 
constituents.  These  agents  are  apparently  most  effective  in  inhibiting 
foaming  of  animal  glue  and  textile  sizings. 

“Defoamer  514”  and  “Defoamer  FTS”t  are  the  names  given258  to  a 
sulfonated  tallow  wax  and  a  liquid  fatty  acid  with  mineral  oil.  The 
former  product  is  used  to  inhibit  foaming  of  hide  and  bone  glues. 
“Defoamer  FTS”  is  a  useful  antifoaming  agent  during  yeast  fermenta¬ 
tions.  It  is  also  used  to  some  extent  in  the  paper  industry. 
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Bubble  formation — Continued 
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by  rupturing  a  liquid,  11 
at  single  orifices,  2-6,  34 
at  a  solid  wall,  11-18 
in  superheated  liquid,  11,  12 
in  supersaturated  solutions,  10,  11 
and  surface  roughness,  12,  16 
Bubble  frequency,  4-6 
Bubble  nuclei,  11,  12 
Bubble  pressure.  See  Capillary  pres¬ 
sure 

Bubble  shape,  13,  14,  16,  21 
in  foam,  25 
under  a  monolayer,  74 
Bubble  volume 

changes  in  foam,  120-122 
and  concentration,  7 
and  electric  effects,  17 
in  foam,  117 
maximum,  15  ff 
minimum,  4 

and  orifice  diameter,  2  ff 
and  rate  of  formation,  4  ff,  17 
reduction  of,  7-10,  41-43 
and  solid  surfaces,  15  ff 
and  surface  tension,  2  ff,  7,  18 
and  temperature,  3 
and  tilt  of  the  solid,  3 
and  viscosity,  3,  4,  7 
and  wetting,  2,  14  ff 
on  whipping,  110 
Bubbles 

lifetime  of.  See  Lifetime 
in  a  liquid  surface,  21 
small,  formation  of,  7-10,  41-43 
Bursting.  See  Rupture 
Butter,  83 

Butyl  alcohols,  36,  37,  55,  56,  198 

Butylnaphthalenesulfonates,  7,  46, 

71,  127,  228 
Butyric  acid,  61 

C 
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and  electric  conductance,  148 
and  fire  fighting,  200 
and  shear  modulus,  127 
Destruction  of  foams.  See  also  In¬ 
hibitors 

chemical,  85,  191,  297-321 
by  heat,  134 

by  high-frequency  vibrations,  133 
mechanical,  133 
mutual,  67,  70,  77,  80 
by  radioactivity,  134 
by  spark, 134 

Detergents,  68-72,  107,  111,  112,  116 
148 

nonionic,  72,  91 

in  organic  solvents,  83,  91,  116 
Diastase,  181 

“Diglycol  Laurate  S”  313,  321 
Dimethylaniline,  13 
Dispersion  methods  of  foam  forma¬ 
tion,  1 

Dispersity  of  foam,  117.  See  also  Bub¬ 
ble  volume 
and  aging,  119-121 
at  different  levels,  122 
in  fire  fighting,  200,  201 
Displacement  in  surface  layer,  85-87 
197 

Dolomite,  187 

“Dow  Corning  Antifoam  AF  Em¬ 
ulsion,”  319 


Drainage  of  foam,  27,  98-112,  116,  160, 
180 

and  concentration,  101,  108 
and  electric  effects,  154 
and  environment,  107 
equations,  102,  103 
in  fire  fighting,  204,  205 
and  foam  persistence,  98,  111,  169 
measurement,  98-102 
mechanism,  104-107,  156 
and  viscosity,  106,  110 
Drilling  mud,  301,  306  ff 
Drug  application,  285 
Dust  suppression,  291 
Dyes,  80,  84,  155,  176,  178 
Dyeing,  284,  303 
Dynamic  coagulation,  38,  47 
Dynamic  method,  35 

E 

Eggs,  91,  116 

Elaidic  acid,  sodium  salt,  66 
Elasticity  of  films,  81,  162,  163 
Elasticity  of  foam,  125-128 
Elastomer  foams,  289 
Electric  conductance,  145-149,  153 
and  foam  density,  148 
Electric  double  layer,  17,  146,  154, 
155,  169 

Electric  effects,  17,  18,  149 
Electrolysis,  17 

Electrolytes,  effect  on  foam,  56,  67, 
70,  73,  74,  79,  80,  84,  129 
entrainment  by  foam,  173 
Electroosmosis,  147,  152 
Emulsions,  75,  76,  80,  85,  87,  90,  91 
299,  301 

of  gas  in  liquid,  1,  11,  83,  115,  117 
158 

Enzymes,  180,  291 

Ethanol,  6,  7,  32,  46,  50,  55,  59,  77  82 
84,  85,  197,  198 

Ether  (diethyl),  5,  39,  50,  51,  81,  82 
86,  90,  196 

Ethers,  196,  198,  199 
in  flotation  260 
Ethylamine,  62 
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Evaporation  retarded  by  foam,  223, 
282 

Expansion  factor,  114,  200 

F 

Fermentation,  300  IT 
Fibrin,  291 

Figure  of  Merit,  208-210 
Film  formation,  19,  20,  27  ff 
Films  between  bubbles,  22  fT 
as  catenoids,  19 
lifetime  of,  27  ff 
Fire-fighting  foam,  189-238 
for  alcohols,  etc.,  197 
burnback  test,  191 
chemical,  189 

composition  of  charges,  191-193 
stabilizers,  213-223 
covering  quality,  207 
expansion,  194,  200  ff 
Figure  of  Merit,  208-212 
mechanical,  190,  193 
stabilizers,  223-238 
rate  of  application,  195,  196,  202, 
204 

rating,  210 
stability,  205-207 
specific  gravity,  200-202 
and  temperature,  201 
viscosity,  203-205,  231 
volume,  194,  200 
Flotation,  mechanism,  185,  248 
Flotation  collectors,  244  ff 
Flotation  frothers,  71,  74,  76,  244  ff 
composition  of,  250  ff 
and  frothing  collectors,  249,  261 
properties  of,  250 
Flotation  machines,  41,  263-268 
Flotation  modifiers,  244  ff 
Flotation  promoters,  244  ff 
composition  of,  253 
Fluorite,  269 
Flux,  282 

Foam  height,  35.  See  also  Foam  vol¬ 
ume 

Foam  index,  99 

Foam  number,  38,  98,  200 

Foam  rubber,  289 


Foam  power,  100 
Foam  tower,  171 
Foam  volume,  36 
on  boiling  liquids,  42,  51 , 52 
and  bubble  diameter,  43 
and  concentration,  69,  70-72 
and  liquid  amount,  36 
and  molecular  weight,  65,  70 
and  rate  of  gas  flow,  36,  42 
and  temperature,  43,  69,  91 
“Foamacide  L”  and  “S”,  317,  320 
“Foamex,”  320 
“Foamglass,”  287 

Foaminess  as  a  physical  quantity,  27, 
37,  50 

Foaming  liquids,  classification  of,  168 
Foaming  power,  115 
Formation  of  foam,  1-22 
by  agitation,  38  ff 
ease  of  formation  and  stability,  33. 
42 

on  hot  liquids,  158 
and  molecular  weight,  68 
pneumatic  method,  33  ff 
Formic  acid,  61 

Fractionation  by  foam,  78,  102,  171, 
176-180,  291 
coefficients  of,  177 
Froghopper,  282 

G 

Galena,  186,  187 
Garnet,  271 
Gas  absorption,  283 
Gas  analysis,  293 
Gas  composition,  89,  90 
and  drainage,  109,  110 
and  foam  fractionation,  179,  180 
Gas  diffusion  between  bubbles,  120, 
121 

Gas  flow  rate,  293 
Gas  pressure  in  foam,  117 
Gelatin,  39,  76,  78,  80,  86,  89,  91,  109, 
115,  187,  200,  292 
deaminated,  78 
Germanium  compounds,  310 
Glass,  89 
Glass  foam,  287 


SUBJECT  INDEX 


343 


Glue,  39,  44,  80,  212  ff,  302  ff 
Glycerol,  46,  50,  57,  59,  68,  83,  107,  116 
in  fire-fighting  foam,  223  ff 
Glyceryl  monolaurate  S-547,  314 
Glyceryl  monoricinoleate  S,  314 
Glycol  ethers,  72,  257 
Glycolic  acid  esters,  259 
Glycols,  41,  57,  87,  116,  196,  304 
Graphite,  274 

Gums,  vegetable,  68,  80,  110,  115 

H 

Half-life,  100,  104,  205 
Halite,  273 

Hardness  of  water,  292 
Heptanes,  51 

Heptanoic  acid,  61,  62,  80,  115 
Heptanols,  55 
Hexanoic  acid,  61 
salts,  67,  78 
Hexanols,  36,  55,  76 
Honey,  91 
Hormones,  sex,  181 
Humic  acid,  44,  80 
Hydrocarbons,  80,  81,  84,  91-93,  191 
chlorinated,  311 
fluorinated,  311 
Hydrolysis,  175 
Hydroperoxides,  259 
Hydrostatic  pressure  of  foam,  123 

I 

Ilmenite,  271 

Incorporation  of  gas  in  liquid,  42,  64 
65,  70,  88 

Inhibitors  of  foam,  84,  87,  99,  297-321. 
See  also  Mixtures 
for  acid  and  alkali,  300 
in  boiling,  18,  85,  299,  305,  308,  312 
313,  316,  317 
as  emulsions,  90,  299 
in  food  industry,  302 
and  molecular  weight,  303 
solid,  312,  313 
Insecticide,  283 
Interference  of  light,  137-144 
Iron  ores,  270 


Iron  salts,  57,  187,  213  ff 
Isoelectric  point,  78,  79 

K 

Ketones,  198,  199,  259 
Kyanite,  271 

L 

Lactic  acid,  61 
potassium  salt,  215 
Lactose,  116 
Lanthanum  chloride,  79 
Laurie  acid,  74 
calcium  salt,  67 
esters,  71 

miscellaneous  salts,  67,  176 
potassium  salt,  65,  91,  176 
sodium  salt,  30,  63-65,  67,  107,  108, 
111,  133,  160,  176-178,  291 
Lead  sulfide,  187 
Leather  dressing,  304  ff 
Lecithin,  110,  129 
Licorice  root,  214,  224 
Lifetime  of  bubbles,  31  ff,  46,  51,  54- 

56,  62  ff 
Lifetime 

of  foam,  37 

and  bubble  diameter,  31,  37,  47 
and  chemical  structure,  74,  75,  251 
comparison  of  different  methods, 
46,  47,  52,  55,  59,  63,  64,  66,  77, 
88 

and  concentration,  51,  52,  56,  58, 
61,  63-65,  75 

and  drainage,  98,  111,  112,  169 
and  ease  of  formation,  33 
and  environment,  29-33,  46,  47 

57,  66,  76,  81 

and  homologous  series,  75,  82 
and  solubility,  75,  84,  89,  90,  251, 
258 

and  surface  concentration,  72,  85 
and  surface  tension,  51,  63,  66 
and  temperature,  65,  74  91-93 
112 

and  vessel  dimensions,  36,  39,  47 
of  gas  in  foam,  44,  81,  112 
of  growing  bubbles,  29 
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Lifetime — Continued 
of  liquid  in  foam,  104,  112 
of  single  films,  27  IT,  63 
and  cleanness,  32,  33 
and  film  area,  30,  63,  72 
Light  transmission.  144 
Limestone,  187 

Linoleic  acid,  sodium  salt,  66,  107 
Linseed  oil,  83,  299 
Lipase,  181 

Lubricants,  45,  47,  88,  90,  91,  106,  110, 
111,  116,  302  ff 
Lyotropic  series,  51 

M 

Machines  for  foam  production,  10, 
222.  See  also  Flotation  ma¬ 
chines 
Magnesite,  269 
Magnesium  chloride,  52,  70 
Magnesium  sulfate,  57 
Malt,  122,  129 
Manganese  ores,  270 
Matches,  285 

Maximum  of  persistence,  32,  51-61 , 66, 
68,  69,  72,  74,  77,  81,  82,  176 
elimination  of,  75,  85 
and  molecular  weight,  54,  61,  75 
theory  of,  75,  76,  165-167 
in  three-phase  foams,  186 
Mechanical  foam  in  fire  fighting,  190 
Mechanical  properties  of  foam,  114- 
134 

of  surface  films,  85,  86 
Mercury,  9,  32 

Methanol,  51, 55,  81, 83-85,  92,  93, 197, 
198 

Methylaniline,  63 
Milk,  80,  91,  294,  313 
Minimum  concentration  of  foaming, 
68,  77 

Mixtures,  83-88 
of  alcohols,  56 
and  density,  116 
and  drainage,  112,  116 
of  inorganic  salts,  52 
of  nonfoaming  substances,  /I 
of  organic  substances,  59,  77,  80,  81 


Mixtures— Continued 

of  proteins  and  alcohols,  197 
of  soaps,  67 

of  soaps  and  builders,  67 
of  soaps  and  other  organic  sub¬ 
stances,  71 

Modulus  of  compression,  128 
Modulus  of  elasticity,  128 
Molybdenite,  186 
Monodisperse  foams,  34,  46,  47 
Monolayers.  See  Unimolecular  films 
“Monsanto  AE,”  318 
Movement  of  foam  in  tubes,  123,  130, 
208 

Multicellular  concrete,  288 
Myristic  acid,  74,  85 
calcium  salt,  67 
potassium  salt,  65,  91 
sodium  salt,  64,  65,  67,  107 

N 

“Nalco,”  315-317 
Naphthjdamines,  44,  62 
Nitrobenzene,  51,  62,  81,  83,  84,  92 
Nonanoic  acid,  61,  85 
“Nopco,”  316,  321 
Nuclei,  gas,  11,  12,  16,  18 

O 

Octanoic  acid,  61,  62 
Octanols,  55,  76,  256,  303 
Oils 

animal,  100,  110 
as  foam  inhibitors,  299-301 

Oils 

vegetable,  83,  100,  110 
as  foam  inhibitors,  299-301 
Oleic  acid,  77,  80,  87,  90,  160,  18/ 
ammonium  salt,  68,  121 
esters,  72 

miscellaneous  salts,  67,  68,  80 
potassium  salt,  65,  91,  155,  156,  178, 
306 

sodium  salt,  31,  64-67,  77,  78,  80, 
107,  108,111,132,146,152-154, 
165,  173,  175—178,  291,  292 
Olive  oil,  80,  83,  116 
Opacity  of  foam,  144 


SUBJECT  INDEX 


345 


Organic  solvents,  80-83 
Oscillating  jet,  163 

P 

Paint  manufacture,  300  ff 
Palmitic  acid,  74 
calcium  salt,  67 
esters,  72,  160 
potassium  salt,  178 
quaternary  ammonium  salt,  67 
sodium  salt,  41,  65,  67,  107,  178 
Paper  coating  mixes,  114,  303  ff 
Paper  making,  300  ff,  315 
Paraffin  oil,  81,  83 
Paraldehyde,  62 

Particle  size  in  three-phase  foams,  186 

Peanut  oil,  83 

Pectin,  76 

Pentanone,  62 

Pepsin,  181 

Peptone,  76, 109, 115,  229  ff 
Perforated  plate  method,  40,  41,  64, 
69,  111 

Persistence.  See  Lifetime 
Petroleum,  90 
Petroleum  fires,  189  ff 
pH.  See  Acidity 
Phenol,  57 
Phenols,  224,  258 
chlorinated,  59 
Phosphate  rock,  269 
Phosphoric  acid 
esters,  308,  321 
salts,  312 

Phthalic  acid  esters,  302 
Pine  oil,  76  ,  254  ,  300 
Piperidine,  84 

Plant  extracts  in  fire  fighting,  221 
Plastics  foams,  289 
Plateau’s  border,  23 
and  drainage,  104-107,  132 
Pneumatic  method,  33,  54,  57,  61  ff 
Poisson  ratio,  128 
Polyamides,  18,  85,  306-308,  316 
Polydispersity,  121 

“Polyethylene  Glycol  400  Monolau- 
rate,”  314 

Polyethylene  glycols,  83,  116,  225 


Potassium  bromide,  51 
Potassium  chloride,  51,  52 
Potassium  ferricyanide,  51 
Potassium  hydroxide,  51 
Potassium  nitrate,  50,  52,  146,  154 
Potassium  phosphate,  67 
Potassium  pyrophosphate,  67 
Potassium  thiocyanate,  51,  57 
Potato  juice,  118,  123,  179 
Pour  test,  40,  63-67,  70,  72,  78,  91 
Pressure,  internal,  117-120 
Pressure  effect  on  drainage,  109 
Priming,  43.  See  also  Carry-over 
Probability  theory  of  foaminess,  44, 
46,  131 

Propionic  acid,  61 
Propyl  alcohols,  55,  82,  99,  197,  198 
“Propylene  Glycol  Monolaurate  S- 
1003,’’  314 

Protein  hydrolysates,  90,  121,  126,  130, 
144,  148,  180 

in  fire  fighting,  189,  193,  200  ff 
Proteins,  40,  78-80,  91,  129,  131,  160, 
180 

in  fire  fighting,  197,  203,  215  ff 
in  food,  286 
Pulmonary  edema,  313 
Pure  liquids,  50,  83,  165 
Purification  by  foaming,  176-181 
Pyrotechnics,  285 

Q 

Quaternary  ammonium  salts,  32,  67. 
71,  133 

as  foam  inhibitors,  308 
in  fire  fighting,  225 

R 

Radius  of  molecular  action,  151,  152 
Rayon  spinning  baths,  244 
Rennin,  181 
Residual  head,  99 
Resilience,  132 
Reynolds  number,  36,  42 
Rhodocrosite,  270 

Ricinoleic  acid,  sodium  salt,  66,  67 

Rigidity,  129,  131 

Rise  of  foam,  rate  of,  37 
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Rupture  of  foam  films,  130 
mechanism  of,  44,  131,  132,  161-163 
velocity  of,  133 

S 

Salicylic  acid  methyl  ester,  63 
Salmi ne,  79 

Saponins,  33, 76, 77, 101, 108, 109,  115, 
116,  123,  125,  127,  129,  131, 
132, 148, 160,  168, 172,  173,  291 
in  fire  fighting,  189,  212  ff 
in  food,  286 

Saturated  solutions,  50,  165 
Scheelite,  269 
Sea  water,  53,  179 
Sensitive  purple,  141 
Separation  by  foam,  177,  178 
“SF-96,”  320 
Shaking,  38  ff,  53  ff 

dependence  of  results  on  procedure, 
39,  42,  83,  87,  90 
and  Reynolds  number,  42 
standard,  40 

Shear  modulus,  124-128,  204 
Silica,  272 

Silicon  compounds,  88-90,  309-310. 

319,  320 
Slags,  89,  158 
Soap,  63-68 
“acid,”  65,  77 

in  aqueous  glycerol,  31,  63,  68,  120, 
132,  146,  153,  154,  156 
detergent  action,  294 
drainage,  107,  111 
in  fire-fighting  foam,  218  fi 
as  foam  inhibitor,  305 
mixtures,  67 

and  organic  additions,  70,  71,  77,  80 
and  pH,  63,  65,  67 
Soap  bubbles,  1 
chains,  127 
formation,  20 

Sodium  bicarbonate,  189  ff 
Sodium  carbonate,  50-53,  312 
Sodium  chloride,  52,57,  67,  70,  79,80, 
84,  107,  187 

Sodium  hydroxide,  51-53,  187 
Sodium  nitrate,  84 


Sodium  silicate,  112 
Sodium  sulfate,  51-53,  57 
Solubility 

gas  in  liquid,  89,  90,  109,  121 
liquid  in  liquid,  75,  84,  93 
Sorbitan  esters,  314 
Sound, 294 

Soybean  proteins,  79,  84,  180,  193,  201 
ff,  287 
Span, 314,  315 

Specific  surface  of  foam,  7,  90,  121 
Sphalerite,  186 
Spittle  insects,  282 
“SS-66,”  319 

Stability  of  foam  in  acid,  71.  See  also 
Acidity 

Stabilization  of  foam  by  powders,  65 
Stable  foams,  67,  68,  83 
Starch,  313 

Static  coagulation,  38,  46,  47 
Steam  bubbles,  12,  16  ff 
Stearic  acid,  80,  81,  85,  160,  301 
esters,  74,  286,  301 
miscellaneous  salts,  67,  207,  305,  306 
potassium  salt,  130,  178 
sodium  salt,  65,  70, 107,  178,  305,  306 
Stiffness,  41 
Stratified  films,  155 
Structure  of  foam,  23,  89,  105 
Structure  of  lamellae,  146 
Sucrose,  62,  68, 116, 129 
Sugar  juice  and  molasses,  36,  123,  133, 
179,  291,  294,  299  ff 
Sulfate  liquor,  109 
Sulfide  minerals,  268 
Sulfite  liquor,  44,  91,  217,  225,  289 
Sulfosuccinates,  45,  47,  68,  71,  83,  108, 
111,  127,  305 
Sulfur,  274 

Supersaturated  solutions,  foam  from, 

10,  11 

Surface  conductance,  146 
Surface  roughness,  12,  16,  130,  292 
Surface  tension 

and  bubble  shape,  21,  74 
and  bubble  volume,  2  ff,  7,  18 
and  chemical  equilibrium,  174 
and  compressibility,  119 
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Surface  tension — Continued 
and  displacement  in  surface  layer, 
86-88 

and  film  thickness,  151 
and  foam  deformation,  124,  127 
and  foam  persistence,  51,  63,  66 
and  foam  structure,  23 
of  fresh  surfaces,  163-167 
nonequilibrium,  30,  86,  163-167 
and  rupture  of  foam,  130,  131,  134, 
161 

and  surface  viscosity,  159 
in  three-phase  foams,  184 
Surface  viscosity,  158-161,  212,  213 
Sylvite,  273 
Syneresis,  101 

T 

Talc,  271 

Tanner y  proteins,  80 
Tannin,  68,  80,  313 
Temperature 
and  drainage,  110 
and  electric  conductance,  145 
of  foam,  168 

and  foam  expansion,  201 
and  foaminess,  43,  65,  69,  74,  83,  91- 
93,  112 

Ternary  solutions,  83-8S.  See  also 
Mixtures 

Terpineols,  32,  76,  255 
Thickness 

of  black  films,  153-155 
of  films 

determination,  138-144, 146,  153 
elementary,  155 

anil  radius  of  molecular  action 
151 

at,  rupture,  30,  132,  168,  169 
Thiophene  derivatives,  311 
Three-phase  foams 
liquid-liquid-gas,  87,  93 
liquid-solid-gas,  65,  181,  184-188 
243-274,  312 


Time  of  collapse,  45,  51  fif 
and  concentration,  58,  64,  65,  77 
and  drainage,  111 
and  electrolytes,  56 
and  environment,  57,  71 
at  high  temperatures,  207 
and  size  of  sample,  46,  111 
and  solubility,  93 
and  surface  tension,  167 
Tocopheryl  phosphate  salts,  30,  71, 
132,  152 

Toluidines,  38,  47,  62,  63 
Total  head,  99 

Triethanolamine  as  solvent,  45,  83,  87 
Two-bubble  method,  32 

U 

“Ucon,”  31S 

Undecylenic  acid,  sodium  salt,  65,  78 
Unimolecular  films,  61,  72-74,  85,  159, 
160 

Urine,  36,  293 

V 

Valeric  acid,  61 

Vertical  films,  stability  of,  163 
Viscosity 

of  foam,  129,  130  ,  203,  204 
and  foam  formation,  158 

W 

Wetting,  2,  3,  14  fif,  133,  184-188 
Whipping.  See  Beating 
Wine,  109 

XYZ 

Xanthates,  245  ff 
Yeast,  90,  304,  315,  321 
Yield  stress,  159,  160 
Zinc  salts,  213 
Zinc  sulfide,  187 
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